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ABSTRACT
Non-model organisms with evolutionary novelties and complex distributions can
provide valuable insight into the mechanisms underlying biological diversity. Green
blood is one of the most unusual vertebrate physiologies and has repeatedly evolved in
lizards from the megadiverse island of New Guinea. An unusually high concentration of
the toxic green bile pigment biliverdin causes the green coloration of these lizards'
blood, muscles, and bones. This dissertation uncovered the complex history of this
novel trait (Chapter 2), identified protein-coding sequences that underlie green blood in
lizards (Chapter 3), and explored evolutionary processes that drive genetic diversity in
high-elevation lizards. To accurately trace the evolutionary history of green blood in
lizards, I inferred a species phylogeny for red- and green-blooded tropical lizards using
thousands of genomic regions. Surprisingly, I found robust support for the nonmonophyly of green-blooded lizards. Using ancestral state reconstruction and Bayesian
inference of character traits, I found support for four independent origins of green blood
with no losses. To identify genes contributing to the green-blood phenotype, I compared
transcriptomic data from 2 species of green-blooded lizards with those from 2 redblooded relatives by examining protein coding sequences and gene expression
differences across 2 tissue types. I found a suite of genes evolving under positive
selection and hundreds of genes that are differentially expressed between green- and
red-blooded lizards. Importantly, I identified a handful of protein families (albumins,
ATP-binding cassette transporters, albumins, and cytochrome P450 monooxygenases)
from our candidate gene set that are involved in biliverdin metabolism and likely
contribute to the green blood phenotype. Understanding the underlying genomic and
proteomic changes that have allowed these lizards to remain jaundice-free may
translate to non-traditional approaches to specific health problems. Finally, I explored
the biogeography of a species of high-elevation New Guinea lizards distributed across
several disjunct mountain ranges. Using population genomics and biogeographical
reconstructions, I identified substantial genetic structuring among 4-6 Papuascincus
stanleyanus populations highlighting the cryptic genetic diversity in this species. Our
analyses also suggest that the current distribution of these lizards on disjunct
mountaintops is the result of repeated colonization from low-elevation sister taxa, rather
than dispersal across low-elevation regions during glacial cycling. Using recent nextgeneration sequencing methods, I combined phylogenomics, biogeography, ecology,
and genomics to explore processes that drive biological diversity in this system
extensively.
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CHAPTER 1: INTRODUCTION
1.1 OVERVIEW
The tree of life displays vast biological diversity, and genomic variation is a
primary source of this phenotypic diversity. This drives the goal of many evolutionary
studies: to elucidate the mechanisms that create and maintain variation in the genome,
and thus, patterns of species diversity (Lewontin 1974; Hughes 2007). Analyzing
phenotypic modifications of species in a historical framework is important to understand
the processes that shaped this phenotypic diversity. Unusual or outlier phenotypes may
provide important insight into the breadth, tempo, and mode of the evolution of key
innovations. This dissertation outlines research that examines the evolutionary
processes that generate and maintain biological diversity, particularly in New Guinea
lizards. Specifically, the focus is two complementary topics: (1) the historical aspects of
unique traits in New Guinea lizards -- phylogenetics, and (2) comparative genomics and
the molecular evolution of unique phenotypes. Studying these topics in a single group
presents an excellent opportunity to explore phenotypic evolution's origins and diversity.
1.2 SCINCID LIZARDS
Scincid lizards exhibit striking diversity in almost every aspect of their form,
including morphology, ecology, behavior, and physiology, and thus can provide a
unique insight into vertebrate adaptations (Laurie J. Vitt et al. 2003). In particular,
scincid lizards from the island of New Guinea have manifested a repertoire of complex
traits, including multiple instances of limb reduction (Greer 1991; Whiting et al. 2003;
Reeder and Reichert 2011), repeated evolution of keeled scales (Reeder 2003), ability
to vocalize (Hartdegen et al. 2001; Bauer et al. 2004; Rittmeyer and Austin 2015),
repeated evolution of live birth (Sadlier et al. 2004), and several species of New Guinea
tree skinks have independently evolved adhesive toe pads, previously only seen in
Gekko and anoline lizards (Irschick et al. 1996). Thus, New Guinea lizards offer a
rewarding group to understand the evolutionary history of complex traits, and their
underlying genomic changes. My dissertation aims to understand the evolutionary
processes involved in driving morphological, genomic, ecological, and geographic
diversity of this diverse group, with particular focus on one of the most unusual amniote
physiologies: green blood.
1.3 GREEN BLOOD
While nearly all vertebrates have red blood, several ecologically diverse species
of scincid lizards have evolved green blood. Green-blooded lizards are endemic to New
Guinea, one of the most megadiverse yet poorly explored regions of the planet
(Mittermeier, 1997). Most vertebrates' crimson-red blood derives from the ferrous form
of heme, but these lizards have lime-green colored blood, resulting in bright green
coloration of their muscles, bones, tongue, and mucosal tissues (Greer and Raizes,
1969). The green coloration is due to exceptionally high concentrations of the bile
pigment biliverdin (714-1020 μmol/L) in the circulatory system, which eclipses the vivid
red color of their nucleated red blood cells (Austin and Jessing, 1994). In other
vertebrates, bile pigments (biliverdin and bilirubin) generally remain undetectable in the
circulatory system because their accumulation is known to be genotoxic, cytotoxic,
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neurotoxic, and jaundice-inducing (Asad et al., 2002, 2001; Hawkins and Whipple,
1938; Keshavan et al., 2004). Bile pigments are normal degradation products of heme
catabolism. Red blood cells senesce and degradation of the heme constituent of red
blood cell hemoglobin is catalyzed by heme oxygenase resulting in biliverdin and the
recycling of iron Fe and CO. In addition to immediate cellular damage, sustained
biliverdin accumulation is associated with permanent nerve damage and developmental
disorders (Liu et al., 2002; Schenker et al., 1986). Further, recent research has shown
that babies treated for jaundice are more likely to develop autism (Maimburg et al.,
2010). Bile pigment accumulation is commonly seen in individuals with impaired
metabolic and liver function, such as newborn babies or patients with the lifethreatening Gilbert’s and Crigler-Najjar syndromes (A. F. McDonagh, 2001; Ritter et al.,
1992; Strassburg, 2008). Yet, Prasinohaema lizards have the highest concentration of
blood-biliverdin measured for any animal (Austin and Jessing, 1994) without being
jaundiced. In contrast, the highest recorded level of biliverdin measured in humans, 50
μmol/L, resulted in death (Greenberg et al., 1971). We use the term hyperbiliverdinism
for this non-pathological biliverdin accumulation. There are several hypotheses for why
these lizards have green blood, including antimalarial protection, thermoregulatory
advantages, antioxidant properties, and cryptic coloration. The unusual physiology
found in these lizards offers a promising system to examine the phylogenetic history of
a complex trait and investigate the underlying genomic and proteomic changes that
allow these lizards to remain healthy. Understanding how these lizards avoid jaundice
with such high bile pigment levels may translate into a non-traditional approach to
specific practical health problems, providing valuable benefits to society.
1.4 NEXT-GENERATION SEQUENCING
Studies on scincid lizards suffer from a paucity of genomic resources, and the
closest annotated genome (Anolis carolinensis) is highly divergent, separated by about
150 Ma of evolution (Alföldi et al. 2011). My dissertation leverages reducedrepresentation next-generation sequencing (NGS) approaches, such as targeted
sequence capture and transcriptome sequencing to generate genomic resources for
many understudied organisms. My first chapter uses the sequence capture of nuclear
regions flanking ultraconserved elements (UCEs; Faircloth et al. 2012), which has
allowed biologists to scale data generation to include thousands of unlinked,
informative, orthologous loci without prior knowledge of the underlying genomic
sequence. My second chapter uses transcriptome sequencing (RNA-seq), a reducedrepresentation approach to generate a genomic dataset of protein-coding exons. RNAseq has dramatically increased opportunities to elucidate the genetic basis of complex
traits in non-model organisms that lack genomic resources (Kusumi et al. 2011; Shaffer
et al. 2015). Further, RNA-seq is now an affordable approach to evaluate genetic
variation in functional regions of the genome, can be used to generate a multitude of
genomic target-capture probes for sequencing exons and surrounding introns (Bi et al.
2012), and recovers important molecular markers such as SNPs, indels, and
microsatellites (Ekblom and Galindo 2011). My third chapter aimed to collect a subset of
complete coding regions, previously identified from the transcriptome data, for many
species in this lineage using targeted sequence capture. Ultimately, my dissertation has
generated a large genomic dataset for a group of understudied organisms (Australasian
lizards) that can be probed for years by the scientific community.
2

CHAPTER 2: MULTIPLE ORIGINS OF GREEN BLOOD IN NEW GUINEA
LIZARDS*
2.1 INTRODUCTION
Understanding the evolutionary history of physiological adaptations is of critical
importance to biology. In particular, unusual or outlier physiologies may provide
important evolutionary insight into the breadth, tempo, and mode of key innovations.
One of the most unusual amniote physiological traits is green blood that has evolved in
several ecologically diverse species of New Guinea lizards (Greer and Raizes 1969;
Austin and Jessing 1994). Whereas most vertebrates have crimson red blood derived
from the ferrous form of heme, these lizards have lime green–colored blood, resulting in
bright green coloration of their muscles, bones, tongue, and mucosal tissues (Greer and
Raizes 1969). The green coloration is due to exceptionally high concentrations of the
bile pigment biliverdin (714 to 1020 μM) in the circulatory system, which eclipses the
vivid red color of their nucleated red blood cells (Austin and Jessing 1994). In other
vertebrates, bile pigments (biliverdin and bilirubin) remain generally undetectable in the
circulatory system because their accumulation is known to be genotoxic, cytotoxic,
neurotoxic, and causes jaundice (Hawkins and Whipple 1938; Asad et al. 2001; Asad et
al. 2002; Keshavan et al. 2004). Bile pigments are normal degradation products of
heme catabolism. As red blood cells senesce, degradation of the heme constituent of
red blood cell hemoglobin is catalyzed by the enzyme heme oxygenase, resulting in
biliverdin and the recycling of iron and carbon monoxide. In addition to immediate
cellular damage, sustained biliverdin accumulation is associated with permanent nerve
damage and developmental disorders (Schenker et al. 1986; Liu et al. 2002).
Furthermore, recent research has shown that babies treated for jaundice are more likely
to develop autism (Maimburg et al. 2010). Bile pigment accumulation is commonly seen
in individuals with impaired metabolic and liver function, such as newborn babies or
patients with the life-threatening Gilbert’s and Crigler-Najjar syndromes (Ritter et al.
1992; McDonagh 2001a; Strassburg 2008). Nevertheless, several New Guinea lizards
have the highest concentration of blood biliverdin measured for any animal (Austin and
Jessing 1994) without being jaundiced. In contrast, the highest recorded level of
biliverdin measured in humans, 50 μM, resulted in death (Greenberg et al. 1971). We
use the term hyperbiliverdinism for this nonpathological biliverdin accumulation. The
unusual physiology found in these lizards offers a promising system to examine the
underlying genomic and proteomic changes that allow these lizards to remain jaundicefree. However, the lack of a well-resolved phylogeny for these lizards and close
relatives has prevented an understanding of the evolutionary history of
hyperbiliverdinism.
Five described species of lizards with green blood are currently grouped into the
same genus (Prasinohaema) based solely on blood coloration despite the fact that the
five species are morphologically and ecologically divergent. We use phylogenomic data
from thousands of genome-wide loci to establish a robust phylogeny for Prasinohaema
*

This chapter was first published as: Rodriguez, Z. B., Perkins, S. L., & Austin, C. C. (2018).
Multiple origins of green blood in New Guinea lizards. Science Advances, 4(5), eaao5017. Reprinted
under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).
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and related Australasian lizards with normal blood to determine the evolutionary history
of green blood. Our phylogenetic and ancestral character state reconstruction results
produce a highly robust phylogeny that supports four independent origins of green
blood, demonstrating surprising evolutionary dynamism of green blood. Our findings lay
the foundation for determining the role of natural selection, if any, in shaping this
enigmatic physiological feature in these lizards as well as understanding the genetic
and biochemical basis for hyperbiliverdinism. Understanding how these lizards avoid
jaundice with such high bile pigment levels may translate into nontraditional approaches
to addressing specific practical health problems, providing valuable benefits to society.
2.2 METHODS
2.2.1 DNA sampling and sequencing
We took a genome-wide next-generation sequencing approach and targeted
5060 UCE loci using an in-solution sequence capture protocol (Faircloth et al. 2012).
Our sampling included 24 lizards with green blood and 95 closely related red-blooded
individuals. Genomic DNA was extracted from tissue preserved in ethanol using a
standard DNA salt extraction protocol (MacManes 2013) and sonicated into sizes
between 400 and 600 bp, with a target of 400 bp using an EpiSonic 1000 (EpiGentek).
The Kapa Hyper Prep Kit (Kapa Biosystems Inc.) was used to prepare libraries for
target enrichment and sequencing, including ligation of custom dual-indexed adapters
with unique barcode sequencing for each individual. Prior to sequence capture, we
pooled indexed libraries into groups of 8 in equimolar ratios. For sequence capture, we
used the Tetrapods-UCE-5Kv1 probe set (myBaits, MYcroarray) targeting 5060 UCE
loci following a freely available open-source protocol. This approach has been
successfully used in lizards and other vertebrates (Giarla and Esselstyn 2015; Streicher
et al. 2016). Following enrichment and limited-cycle polymerase chain reaction, pools of
equimolar reactions were combined and sent to Oklahoma Medical Research
Foundation (Oklahoma City, OK) for 150-bp paired-end sequencing on an Illumina
HiSeq3000.
2.2.2 Data Processing
To process demultiplexed raw reads for phylogenomic analyses, we followed the
standard PHYLUCE pipeline (Faircloth 2016). Illumiprocessor, in combination with
Trimmomatic, was used to filter low-quality reads and remove adapters (Faircloth 2013;
Bolger et al. 2014), yielding an average of 8,504,473 reads (302,468 to 119,426,985)
and 1,141,548,626 bp (42,543,058 to 17,007,264,440) per sample. Filtered reads were
assembled into contigs using Trinity (Grabherr et al. 2011). To check for contamination,
all contigs were aligned to the non-redundant protein database by BLASTP with an e
value cutoff of 1 × 10−6 and checked for best hits to squamate reptiles. We also
performed an all-versus-all blast search on the assemblies and removed six individuals
that had reciprocal best hits to a different species, likely the result of cross
contamination. The resulting assemblies were screened for matches to the UCE probes,
and nontargets and paralogs were removed in PHYLUCE. The resulting regions were
aligned using MAFFT (Katoh and Standley 2013), and quality-trimmed using a
parallelized wrapper around Gblocks (Castresana 2000). We created three data sets
from our “all taxa” data set. First, to examine the effects of number of loci in phylogeny
estimation, we removed 21 individuals with <1000 UCE loci to create a 98-taxon 1K
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data set. Second, to explore the influence of number of loci versus taxonomic sampling,
we created a TWO data set, which restricted sampling to no more than two individuals
per species, independent of loci number. Third, to examine the effects of uneven
taxonomic sampling, we constructed a ONE data set, for which we removed individuals
with less than 1000 UCEs and limited taxon sampling to one representative per species.
To assess the sensitivity of phylogenetic inference to missing data, we subsampled
each data set and generated alignments that allowed up to 20, 30, 40, or 50% missing
data (data sets are appended with p80, p70, p60, p50, respectively). Finally, we
generated four additional alignments for each data set containing only the top 100, 250,
500, or 750 loci with the most parsimonious informative sites (data sets are appended
with i100, i250, i500, or i750, respectively). In summary, each of our data sets was
subsampled into eight alignments using two metrics: missing data and information
content.
2.2.3 Phylogenetic inference
We performed unpartitioned concatenated ML analysis of each alignment and
data set in RAxML v8.2 (Stamatakis 2014), using 20 searches with GTR GAMMA model
of nucleotide substitution for the best ML tree. Nodal support for the best ML topology
was assessed using nonparametric bootstrapping with the autoMRE option in RAxML,
and we reconciled the best ML tree with the bootstrap replicates in RAxML. Speciestree methods have been shown to be more accurate than concatenated approaches for
multilocus data under a variety of conditions (Leaché and Rannala 2011). Because of
the large number of gene trees that are typically produced from phylogenomic data sets,
species trees were estimated using a summary coalescent approach. Individual gene
trees were first estimated in an ML-like framework implemented in RAxML v8.2. Next,
multilocus bootstraps were generated by sampling loci with replacement to create 100
resampled data sets, and we performed nonparametric bootstrapping by sites of each
locus in each of the resampled data sets using RAxML. Then, bootstrapped gene trees
were sorted to ensure that each resampled data set was resampled by loci and by sites
(Seo 2008). The 100 resampled data sets were used to infer species trees in a
summary coalescent framework, implemented in ASTRAL-II 4.7.8 (Mirarab and Warnow
2015) that allows unrooted, multifurcating trees as input and has been shown to be
robust to effects of both incorrectly estimated gene trees and gene tree heterogeneity
(Meiklejohn et al. 2016). Extended majority-rule consensus (MRE) trees were estimated
using sumtrees in DendroPy v3.2 (Sukumaran and Holder 2010). After visually
confirming species monophyly and topological concordance among data sets, we
elected to proceed with the ONE and TWO data sets for all subsequent analyses
because they had even taxonomic sampling, which resulted in a higher number of
shared loci between species. For the main text, we presented the results from our 70%
complete matrix which was trimmed to one representative per species (ONE-p70),
because it was the most complete matrix without a significant reduction in the number of
represented species or loci per individual (Table 2.1).
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Table 2.1. Summary of UCE Alignments. Ten samples with fewer than 499 (10%)
UCE loci or missing voucher information were removed from from our "ALL"
dataset. Our "1K" dataset removed all individuals with fewer than 1000 UCE loci,
the "TWO" dataset trims sampling to no more than two individuals per species,
and the "ONE" dataset removes all but one individual per species.
Dataset

Taxa

Total length (bp)

ALL
1K
TWO
ONE

109
98
63
43

1,545,997
1,641,106
1,748,774
1,838,540

50%
4,088
4,354
4,333
4,368

No. UCE loci in % taxa
60%
70%
3,331
1,931
3,952
3,195
3,946
3,137
3,986
3,220

80%
542
1,624
1,606
1,910

2.2.4 Monophyly assessment
To assess support for the nonmonophyly of lizards with green blood, we took two
approaches. First, we conducted SH tests (Shimodaira and Hasegawa 1999) on each
ML estimate, or the “best tree,” for each concatenated data set in RAxML. This was
accomplished by running 20 ML searches for the best “constrained” tree by passing
RAxML a constraint file with the -g option, then comparing likelihood scores using the -f
h option, and passing RAxML the best constrained tree with -z and the best tree with -t.
Second, we searched for both partial and full green blood monophyly in the individually
estimated gene trees, excluding the Prasinohaema flavipes + Prasinohaema
prehensicauda clade. For this, we used the is.monophyletic option in the R package ape
and iterated over more than 4000 gene trees in our ONE and TWO data sets. Our
results are summarized in tables A.2 and A.3.
2.2.5 Ancestral state reconstruction
We used ML ancestral state reconstruction and stochastic character mapping to
assess whether hyperbiliverdinism can best be explained by multiple independent
origins or a single origin with multiple reversals. Because branch length estimates are
important for ancestral state reconstruction, all reconstructions were performed on
species trees inferred from the unpartitioned concatenated alignments or on individual
ML gene trees for each data set. We reconstructed ancestral states for green blood in
an ML framework using the ace command in the R package APE v3.4 (Popescu et al.
2012). Three transition rate matrices were considered: (i) a two-parameter model that
had different rates for forward and reverse transitions (ARD), (ii) a two-parameter model
that assumed once green blood is gained there were no reversals to red blood (IR)
model, and (iii) a single-parameter model that assumed forward and reverse transition
rates were equal (ER). To determine the model fit, we examined the AIC for each model
using the fitDiscrete command from the package geiger v2.0.6 (Harmon et al. 2008).
Because the three models gave comparable support (table A.4), we applied a fourth
mixed model for which we integrated stochastic character maps across all three
transition models. For the mixed model, we calculated normalized Akaike weights from
the log likelihood of the other three models and sampled a number of character histories
in proportion to the weight of evidence in support for each model. For example, the
Akaike weights for the ONE-p70 data set were 0.386, 0.332, and 0.282, for the ARD,
ER, and IR models, respectively. Thus, we simulated 386 character histories under the
ARD model, 332 character histories under the ER model, and 282 character histories
6

under the IR model. For all four models, we used stochastic character mapping
(Huelsenbeck et al. 2003), implemented in phytools (Revell 2012), to summarize the
results of multiple trait mappings onto our phylogeny using a continuous-time Markov
process. The transition rate matrix estimated for each model was applied to these
simulations using two approaches. First, we fixed the transition matrix at its empirical
ML value estimated for a given model and generated multiple character histories.
Second, we sampled a new transition matrix for each character history from the
posterior distribution of a given model using MCMC. For the mixed-model MCMC
approach, a new transition rate matrix was sampled from the posterior distribution of
each model in proportion to the calculated Akaike weights. We generated 1000
character histories for each model using the make.simmap command and summarized
the results using describe.simmap to determine the posterior probabilities that each
internal node is at each state, the proportion of time spent in each state, and the
number of transitions across the phylogeny. Results for the ONE-p70 topology are
shown in Fig. 2.1 and Table 2.2. Results for other input trees are summarized in table
A.5.
Table 2.2. Integrating over multiple models for stochastic character mapping. Three
transition rate models (ARD, ER, and IR) and one "mixed" model were considered for
stochastic character mapping. The number of simulations (Nsim) for each model was
normalized using Akaike weights (wAIC) for that model and the mixed model sampled
character histories from all three models. The transition rate matrix for a given model
was either fixed at its empirical maximum likelihood estimate (MLE) or sampled using
MCMC from its posterior distribution (MCMC). Rates (q), AIC scores, Likelihood (LnL),
mean number of forward and reverse transitions, and posterior probability (PP) of red
blood reconstructed for the MRCA for all Prasinohaema are shown for the ONE-p70
tree. Models are described in the main text.
Transition
Rate
Matrix
MLE
(Fixed)

MCMC

Model Summary
Model
ARD
ER
IR
mixed
ARD
ER
IR
mixed

Mean No. of Changes

qRG

qGR

AIC

wAIC

ln (L)

Nsim

Red→Green

Red←Green

11.7
11.8
10.6
3.5
3.8
3.9
-

137.2
11.8
0.0
1.0
3.8
0.0
-

32.2
32.5
32.8
36.3
33.5
35.5
-

0.386
0.332
0.282
0.156
0.622
0.222
-

-14.1
-15.3
-15.4
-16.1
-15.7
-16.7
-

386
332
282
1000
156
622
222
1000

4.0
4.2
4.0
3.9
3.9
3.9
4.0
3.9

9.0
0.5
0.0
2.2
0.1
0.1
0.0
0.1

PP of red
blooded
MRCA
27.1
99.9
100
81.4
100
100
100
100

2.3 RESULTS
2.3.1 Phylogenetic analyses
We investigated the phylogenetic relationships among 51 species (119
individuals) of Australasian skinks including 6 species with green blood, 2 of which are
undescribed new species (Supplementary Table A.1). We targeted 5060 ultraconserved
elements (UCEs) for phylogenomic analyses and recovered an average of 2690 loci
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Figure 2.1. Ancestral reconstruction indicates four origins of green blood. (A)
Transitions between red blood and green blood in Australasian lizards were
summarized from 1000 stochastic character simulations on a fixed species topology.
The phylogeny was estimated from a 70% complete sequence matrix from our ONE
data set using an unpartitioned concatenated analysis in RAxML. Bootstrap values for
all nodes are 100. Branches are colored continuously according to posterior
probability (PP) support for red (PP = 1.0) or green (PP = 0.0) blood under our “mixed”
model. Pie charts indicate proportion of character histories that reconstructed red or
green blood as the ancestral state for the most recent common ancestor of all
Prasinohaema species under each transition rate model: all rates different (ARD),
equal rates (ER), irreversible (IR), or mixed. Values for the character rate matrix were
either fixed at their maximum likelihood estimates (MLE) or sampled from a posterior
distribution of rate matrices (MCMC). Pictures show the following green-blooded
species: (B) Prasinohaema flavipes, (C) P. prehensicauda, (D) P. semoni, (E) P. sp.
nov., and (F) P. virens.
(fig. cont’d)
(100 to 4241) per individual with a mean length of 586 base pairs (bp) (224 to 5494) per
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locus (Table 2.1). We subsampled our full data set to examine the effects of number of
loci on phylogeny estimation (our “1K” data set), to explore the influence of loci versus
taxonomic sampling on phylogeny estimation (our “TWO” data set), and to examine the
effects of uneven taxonomic sampling (our “ONE” data set). The phylogeny
presented in the main text, from the ONE data set, was trimmed to include only one
representative per species, resulting in 4333 loci shared among more than 50% of taxa.
Overall, highly supported phylogenetic relationships were concordant among our
data sets, and any incongruencies had low bootstrap support (Figs. A.1 to A.7).
Concatenation and coalescent approaches to species tree inference recovered a wellsupported topology (Fig. A.3). Our data were also robust to biases caused by missing
data because analysis of multiple data sets with varying levels of matrix completeness
and information content recovered highly concordant topologies within each data set
(Figs. A.1 to A.7).
2.3.2 Monophyly assessment
Surprisingly, our phylogenomic analysis strongly supports the non-monophyly of
green-blooded lizards; in addition, two other genera (Lipinia and Scincella) are not
monophyletic. Our sampling included many Australasian taxa; however, the clade
containing the most recent common ancestor for all green-blooded lizards is composed
only of New Guinea species, indicating a Papuan origin for this radiation. We recover a
robust fully resolved phylogeny with short internal branches that are likely the result of a
rapid radiation. Given the large number of taxa and loci in our data set and the absence
of particular loci in different taxa, Bayesian concordance analyses were not
computationally feasible; however, statistical tests for monophyly corroborate the
polyphyletic origins of the six Prasinohaema species. Shimodaira-Hasegawa (SH) tests
on our ONE and TWO concatenated data sets supported the best unconstrained
maximum likelihood (ML) tree over any of the constraint trees that forced either partial
or complete Prasinohaema monophyly (Shimodaira and Hasegawa 1999). We explored
the possibility of hemiplasy by searching for gene tree histories that support fewer than
four lineages with green blood and found no support for Prasinohaema monophyly
among more than 4000 individually estimated gene trees (tables A.2 and A.3) (Avise
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and Robinson 2008). In addition, modeling for incomplete lineage sorting using a
coalescent approach (ASTRAL) yielded topologies that were concordant with our
unpartitioned ML approach (RAxML), indicating that our data were robust to problems of
incomplete lineage sorting. Despite strong support for four green-blood lineages (Fig.
2.1), the number of evolutionary transitions between red and green blood is still
unresolved: The evolution of green blood in lizards could be explained by four
independent origins, a single origin with multiple reversals, or a complex pattern
involving multiple gains and multiple losses.
2.3.3 Ancestral state reconstruction
We conducted an ML ancestral state reconstruction and stochastic character
mapping of green blood on the unpartitioned concatenated ML species trees to
investigate the most likely character state for blood physiology in the ancestor of all
species with green blood. Model fitting for both ML reconstructions and character
mappings resulted in similar support for alternative models (table A.4). When the
transition rate matrix was fixed at its empirical ML value, each model reconstructed red
blood as the ancestral state with varying levels of support (27, 99, 100, and 84%
probability) for both marginal reconstructions and stochastic mappings. Although the
transition rates and mean number of reversals varied considerably between models, all
reconstructions recovered an average of 4 (3.9 to 4.2) transitions from red to green
blood (Table 2.1). In contrast, sampling a new transition rate matrix for each character
history from a model’s posterior distribution of 1000 simulations using MCMC
unequivocally supported (100% probability) red blood as the ancestral state and four
independent origins of green blood. Model choice did not significantly change the
number or placement of transitions using the MCMC approach but did vary the results
of the ML approach, likely due to the use of a single rate matrix for all reconstructions
under a given model (Fig. 2.1 and Table 2.2). All reconstructions presented in the main
text were performed using our “ONE-p70” phylogeny as input, but we recovered similar
results using all subsets of our ONE and TWO data sets (table A.5). Furthermore,
stochastic character mapping across randomly sampled subsets of posterior probability
trees and gene trees never yielded less than four transitions from red to green blood for
any given character history (table A.6). These results suggest that our ancestral
reconstruction and character mapping results are robust to hemiplasy caused by
phylogenetic uncertainty. Together, our analyses indicate that hyperbiliverdinism is
likely the result of repeated evolution.
2.4 CONCLUSIONS
Surprisingly, we find robust support for the nonmonophyly of green-blooded
lizards, revealing a complex and dynamic evolutionary history of this unusual
physiological trait. This conclusion is supported by extensive phylogenomic analyses of
5060 UCE loci and tests for monophyly. Considering the pathological consequences of
elevated concentrations of bile pigments in most animals, green blood was assumed to
have originated only once in amniotes. However, we reconstructed red blood as the
most likely ancestral state for all Prasinohaema lineages with strong support for four
separate origins of green blood. Although these lizards are the only amniotes to have
hyperbiliverdinism, several other vertebrates and invertebrates have been shown to
have moderately elevated levels of bile pigments. Elevated levels of biliverdin have

10

been documented in the blood and scales of several unrelated species of fishes (Low
and Bada 1974; Mudge and Davenport 1986; Makos and Youson 1987; Fang and Bada
1990) and insects (Goodman et al. 1985; Law and Wells 1989), and biliverdin is
deposited in eggshells of some birds (Kennedy and Vevers 1976). Biliverdin has been
suggested as the cause of green bones, skin, and blood in several unrelated frogs
(Marinetti and Bagnara 1983; Grismer et al. 2007). The rare but widespread occurrence
of moderately elevated levels of bile pigments in animals suggests that there may be
some adaptive value of elevated biliverdin.
How cytotoxicity of bile pigments might be selected for is unclear; however, bile
pigments have been shown to reduce pathogen activity (Kumar et al. 2008; Zhu et al.
2010; Gutiérrez-Grobe et al. 2011; Alves et al. 2016), so elevated levels of bile
pigments may preclude or reduce infection. Because lizards are the only amniotes that
have this unusual physiology and remain healthy, further investigation will inform us
how these lizards are not jaundiced. In fish with green blood plasma, excess biliverdin is
tightly bound to albumin transport proteins, and this complex is neither metabolized nor
excreted by the liver but remains in the bloodstream, which may obviate damage from
biliverdin (Fang and Bada 1988). This mechanism for biliverdin retention and tolerance
in unrelated fish is the result of convergent changes in the serum albumin protein,
lending support to the possibility of green blood being an advantageous trait, shaped by
natural selection (Fang and Bada 1990). Convergent and parallel evolution of unusual
phenotypes may be more frequent than previously thought due to shared constraints in
developmental patterns, genomic architecture, and body form (Losos 2011).
In contrast to the toxicity aspect of bile pigments, recent data on biosynthetic
pathways indicate possible positive functional roles for bile pigments, but at low
concentrations (McDonagh 2001b). Excess biliverdin appears to have antioxidant and
cytoprotective properties in vitro (32, 33), predominantly due to their ability to scavenge
free radical species (Farrera et al. 1994; Asad et al. 2001; Kaur et al. 2003; Kumar and
Bandyopadhyay 2005; Jansen and Daiber 2012; Bai et al. 2015). Bile pigments also
appear to have a beneficial role in oxidative stress defense in animals (Beale and Yeh
1999) and have been identified as having significant neuroprotective antioxidant and
antimutagenic properties (Doré et al. 1999; Bulmer et al. 2008).
Our analyses indicate four independent origins of green blood from a normal,
red-blooded ancestor with no losses. The primary alternative hypothesis is that there
was only a single origin of green blood followed by four or more losses, an evolutionary
process presumably driven by natural selection. To fully tease apart these hypotheses,
our phylogenetic results lay the groundwork for future functional genomic and proteomic
approaches to identify the genes responsible for the origins, and possible loss, of
hyperbiliverdinism. We predict that independent gains will be identified by four unique
genomic changes whereas a single origin will be identified by a shared genomic change
and that we will be able to track the signature of independent reversals to red blood, if
any, from genomic data. The exciting future challenges of this nonmodel system are to
address the potential convergent and parallel evolution of green blood in these lizards,
determine whether bile pigment retention confers any major selective advantages for
cells in vivo, and examine potential proteomic or biochemical innovations associated
with nonpathological biliverdin accumulation.
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CHAPTER 3: COMPARATIVE TRANSCRIPTOMICS OF GREENBLOODED LIZARDS REVEALS A SUITE OF GENES ASSOCIATED
WITH AN ENIGMATIC VERTEBRATE PHYSIOLOGY
3.1 INTRODUCTION
Understanding the evolutionary history of physiological adaptations is of critical
importance to biology. In particular, unusual or outlier physiologies may provide
important evolutionary insight into the breadth, tempo, and mode of key innovations.
Identifying genes underlying adaptation is a primary goal in evolutionary biology. It can
shed light on the biological functions targeted by natural selection and the genetic
mechanisms generating new adaptive variants. Most experimental research has
focused on model organisms, largely because they have extensive resources that make
continued research more tractable. However, non-model organisms with unique
evolutionary novelties can provide valuable insight into the molecular mechanisms
underlying physiological innovations. Green blood is one of the most unusual vertebrate
physiologies and has evolved in several species of tropical lizards from the
megadiverse island of New Guinea (Greer and Raizes 1969; Rodriguez et al. 2018).
The green coloration of the blood, muscles, and bones is caused by high levels of the
bile pigment biliverdin (BV, >700 μm/L), which overwhelms the crimson color of the
lizard’s red blood cells (Austin and Jessing 1994). Biliverdin (BV) is a toxic byproduct of
heme catabolism in red blood cell senescence and is normally filtered by the liver
(Klatskin 1961). In other vertebrates, bile pigments (biliverdin and bilirubin) remain
undetectable because their accumulation is known to be cytotoxic, neurotoxic, and
causes a pathological condition known as jaundice, a condition that normally only
happens in vertebrates with liver diseases or in newborns whose livers haven’t yet
started to filter properly (Schenker et al. 1986; Asad et al. 2002; Keshavan et al. 2004;
Maimburg et al. 2010). Not only are these lizards the only known amniotes that possess
this unusual phenotype, but these lizards have the highest concentration of blood-BV
measured for any animal, yet remain perfectly healthy (Austin and Jessing 1994).
The exact mechanism resulting in BV retention in these lizards is unknown. From
a biochemical standpoint, the bile pigments BV and bilirubin (BR) are normal
degradation products of the red blood cell catabolism pathway (Hawkins and Whipple
1938). When red blood cells senesce, hemoglobin is denatured into its constituents,
heme and globin, by phagocytes. The heme is enzymatically broken down to BV by
heme oxygenase in vertebrates, resulting in the recycling of iron and carbon monoxide
(Hawkins and Whipple 1938). The liver filters BV from the circulatory system and after
biotransformation (conjugation) to a water-soluble molecule, BV is stored in the
gallbladder and then is excreted into the intestine to be eliminated. When the activity of
any one of the participating enzymes is compromised or absent, this detoxification
process is perturbed, and several diseases may occur (Wolkoff et al. 1983; Tukey and
Strassburg 2000; Liu et al. 2002; Maisels 2006; Kaplan et al. 2014). In humans, bile
pigment accumulation is seen in individuals with impaired metabolic or liver function,
such as newborn babies or patients with life-threatening diseases (Ritter et al. 1992;
Strassburg 2008; Maimburg et al. 2010). In addition to immediate cellular damage,
sustained BV accumulation is associated with permanent nerve damage and
developmental disorders (Schenker et al. 1986; McDonagh 2001b; Liu et al. 2002). Like
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humans, jaundice in red-blooded skinks is caused by high red blood cell degeneration
(also known as hemolytic anemia), likely due to an infectious pathogen (Pennacchio et
al. 2003). In contrast, healthy amphibian deposit BV in bones and skin, known as
chlorosis, resulting in a distinct blue-green coloration with no evidence for increased
rate of hemolysis (Taboada, Brunetti, Pedron, et al. 2017; Taboada, Brunetti, Alexandre,
et al. 2017; Taboada et al. 2020). Notably, dissection of green-blooded lizards reveals
normal liver and gallbladder appearance, which is filled with a green liquid that is likely
BV (Austin CA, unpublished data). This observation suggests that the typical vertebrate
red blood cell biosynthesis is functioning as expected in green-blooded lizards and that
these lizards have simply evolved a mechanism to retain extremely high levels of BV in
the circulatory system. This system provides an excellent opportunity to better
understand how physiological novelties evolve and explore the molecular mechanisms
contributing to enigmatic vertebrate physiology.
A fundamental challenge associated with the study of novel vertebrate
physiologies is obtaining sequences for genome-wide biological processes in the
absence of a closely-related genome. For non-model organisms, a transcriptome's
shotgun sequencing can be a useful and cost-effective means to gain valuable insight
into the molecular mechanisms underlying physiological innovations. Comparative
transcriptomics of closely-related species in a phylogenetic context has been used, for
example, to explore molecular and organismal evolution in reptiles, detect positive
selection in genomes, and estimate transcriptome-wide rates of molecular evolution
(Schwartz et al. 2010; Castoe et al. 2011; Tzika et al. 2011; Bar-Yaacov et al. 2013).
To find genes contributing to the green-blood phenotype in a phylogenetic
context, we compared transcriptomic data from two species of green-blooded lizards
with those from two red-blooded relatives by examining protein-coding sequences and
gene expression differences across two tissue types. Previous work demonstrated that
green blood likely evolved independently four times in New Guinea lizards (Rodriguez et
al. 2018). For our comparative transcriptomic analyses, we selected one sister pair of
green-blooded lizards (Prasinohaema flavipes and P. prehensicauda) and one closelyrelated red-blooded lizard (Lobulia elegans) (Fig. 3.1). We also included a more
distantly related lizard with red blood from New Guinea (Sphenomorphus jobiensis) to
serve as our outgroup to all known lizards with green blood based on a multilocus
phylogeny estimated from thousands of genome-wide loci (Rodriguez et al. 2018). This
sampling design enables us to investigate transcriptomic composition between and
among lizards with and without green blood. We examined the transcriptomes for
signatures of selection and differentially expressed genes to identify a set of candidate
proteins that may have facilitated BV accumulation's phenotypic evolution. Our
sequence comparison identified a set of positively selected genes in green-blooded
species. We also identified a suite of differentially expressed genes between red- and
green-blooded lizards but had little overlap with our set of positively selected genes.
These results suggest that differences in protein-coding regions and differences in gene
expression may work in coordination to facilitate the evolution of elevated BV levels.
Understanding how these lizards remain jaundice-free with exceptionally high levels of
BV in the blood may unlock the potential for new approaches to practical health
problems like jaundice, and our results provide the first insight into an understanding of
this enigmatic phenotype.
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Figure 3.1. Simplified phylogeny of green-blooded lizards and their red-blooded
relatives adapted from (Rodriguez et al. 2018). (A) Species included in this study are
enclosed in boxes. They have the following tip labels based on their species epithet:
Anolis carolinensis (Aca), Sphenomorphus jobiensis (Sjo), Lobulia elegans (Lel),
Prasinohaema prehensicauda (Ppr), and Prasinohaema flavipes (Pfl). Dashed
branches represent closely-related lineages not included in this study. Lineages
containing green-blooded species are colored green, while lineages with only redblooded lizards are black. (B) Blood sample comparison between a New Guinea lizard
with red blood (top; Lamprolepis smaragdina) and a lizard with green blood (bottom;
Prasinohaema). (C) Photo of a female Prasinohaema prehensicauda in a defensive,
open-mouth display shows the biliverdin-stained tongue and mucosal lining.
3.2 METHODS
3.2.1 Sampling and sequencing
We collected four skinks from Papua New Guinea to directly compare lizards with
and without green blood. Samples from two different tissue types (liver and integral
muscle+bone) were used to generate a composite representation of expressed genes.
One Lobulia elegans was chosen as the most closely related red-blooded lizard based
on a multilocus phylogeny estimated from thousands of genome-wide loci (Rodriguez et
al. 2018). Sphenomorphus jobiensis was chosen as an outgroup for all green-blooded
lizards. Collected tissue samples were stored in RNAlater Stabilization Solution
following the manufacturer’s protocol (Life Technologies Inc., Burlington, ON)
immediately following euthanasia and dissection. Total RNA was isolated following the
RNeasy Plus Mini protocol (Qiagen, Hilden, Germany). RNA isolation from liver samples
was performed separately for each individual, and muscle and bone samples were
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pooled for each individual prior to RNA extraction. Purified total RNA was quantified
using a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA), and RNA integrity (RIN) was
assessed with a Bioanalyzer 2100. Total RNA with RIN scores ranging from 7-9 were
sent to Oklahoma University Bioinformatics Core Facility (OUBCF; Norman, OK, USA)
for library construction and sequencing. Messenger RNA (mRNA) was purified from
total RNA [some Poly-A selection protocol], reverse transcribed to complementary DNA
(cDNA) using reverse transcription PCR, and fragmented using a BioRuptor NGS
(Diagenode Inc.). A total of 16 non-normalized cDNA libraries were indexed, amplified,
and prepped for Illumina sequencing. Equimolar ratios of cDNA libraries were
multiplexed, pooled, and sequenced on two Illumina HiSeq 2500 flow cells at Oklahoma
Medical Research Foundation using 150-bp paired-end reads.
3.2.2 Assembly
Raw reads were quality trimmed using Trimmomatic v0.3 (Bolger et al. 2014) to
remove adapters and low-quality reads. First, exact duplicates from both sequencing
directions were removed. Next, the adapter sequences, sequences with more than 5%
unknown base calls, and stretches of low-quality bases (<Q20) were removed. De novo
assemblies were built by assembling filtered reads in Trinity (Grabherr et al. 2011) using
default settings. To assess mapping rates, we mapped cleaned reads to our assembled
transcripts for each sample using BBDuk from BBTools (Bushnell 2017). To reduce
redundancy in our assemblies, we clustered each set of transcripts using CD-HIT-EST
(Huang et al. 2010). A 90% similarity clustering threshold was chosen as it reduced the
number of transcripts without reducing the map rate. We assessed the completeness of
each assembly and compared it to the transcriptomes of other lizards by quantifying the
number of conserved genes captured in our data. Benchmarking Universal Single-Copy
Orthologs (BUSCO; Simão et al. 2015) was used to search for genes conserved in
metazoan and vertebrate species.
3.2.3 Gene prediction and functional annotation
Putative proteins encoded by the assembled transcripts were identified using
TransDecoder (Haas et al. 2013). First, the LongOrfs tool was used to identify all
possible protein sequences with an open reading frame greater than 50 aa in strandspecific mode. The recovered sequences were searched against the UniProt Swiss-Prot
database using BLASTp and against the PFAM database of the domain of Hidden
Markov Models using HMMScan (v3.1b2). The results of both analyses were used as
inputs for the TransDecoder Predict tool to obtain the final dataset of proteins.
Predicted protein-coding amino acid sequences were annotated using a
hierarchical approach. First, we assigned gene names according to the best hit of the
alignments to SwissProt and TrEMBL databases (Uniprot release 2018_08) using
BLASTP with an e-value cut-off of 10e-6. These were considered high-quality
annotations. Next, sequences without a best reciprocal hit were checked for
contamination by BLASTP search against a subset of NCBI non-redundant protein
database that excluded metazoans, and any sequences resulting best hits were
removed. Because reptiles (especially squamates) are poorly represented in highquality annotation databases, a homology search was performed using BLASTP against
a local database containing several reptile proteomes. The database was clustered by
CD-HIT-EST using a 50% cutoff threshold to collapse redundant sequences across
several species. Sequences without best hits were removed. Gene names were
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assigned according to the best hit to the NCBI nr database using BLASTP with an evalue cutoff of e^-6 and a minimum length of 50. These sequences were considered
low-quality annotations.
Protein domains and motifs for all sequences with annotations were determined
by InterProScan v5.16 (Jones et al. 2014) using seven different models (Profilescan,
blastprodom, HmmSmart, HmmPanther, HmmPfam, FPrintScan, and Pattern-Scan)
against several protein signature databases: ProDom (ProDom, RRID: SCR 006969)
(Servant et al. 2002), PRINTS (PRINTS, RRID: SCR 003412) (Attwood et al. 2003),
Pfam (Pfam, RRID: SCR 004726) (Finn et al. 2010), SMART (SMART, RRID: SCR
005026) (Letunic et al. 2009), PANTHER (PANTHER, RRID: SCR 004869) (Mi et al.
2013), and PROSITE (PROSITE, RRID: SCR 003457) (Sigrist et al. 2013). Searches
against the Gene Ontology (GO) database (Ashburner et al. 2000; The Gene Ontology
Consortium 2019) were used to assign functional terms to peptide sequences from the
corresponding InterProScan entry.
3.2.4 Ortholog identification and phylogenetic analysis
We generated two orthologous gene datasets for downstream analyses. Our first
dataset (SJOB), named from the genus and specific epithet, consisted of orthologous
genes shared between Sphenomorphus jobiensis (our outgroup for all lizards with
green blood), and the other three species (Lobulia elegans, Prasinohaema flavipes, and
Prasinohaema prehensicauda). The SJOB dataset was used to estimate evolutionary
change and identify a set of genes that are differentially expressed between red- and
green-blooded lizards. For functional sequence comparison in a phylogenetic context,
we created a second dataset (ACAR), named from the genus and specific epithet,
consisting of orthologous genes shared between Anolis carolinensis, the most closely
related reference genome, and our four transcriptomes. Both datasets were constructed
using the bidirectional Reciprocal Best Hit (RBH) approach (Kim et al. 2006) by
BLASTP searches and an e-value threshold of 1e-6. Only transcripts with 1:1 orthology
and a continuous overlap of 50% over the query sequence were considered as
orthologous. Hits were aligned using Clustal Omega (Sievers et al. 2011) and trimmed
with trimAl v1.3 (Capella-Gutiérrez et al. 2009) using gap and consistency thresholds of
0.1 and 0.16667, respectively. Pal2nal (Suyama et al. 2006) was used to back-translate
amino acid alignments into codon alignments using the original nucleotide sequence as
input. Only the ACAR dataset was used for phylogenetic sequence analysis for
positively selected genes. Gene trees were individually estimated for all alignments
using a maximum likelihood approach in RaxML (Stamatakis 2014), a PROTGAMMA
model of sequence evolution, and 20 searches for the best tree. To reconstruct a
species tree, the trimmed alignments were concatenated, and the supermatrix was
further trimmed to delete all positions with gaps or missing information. We used
unpartitioned RAxML analyses with 20 searches for the best topology to estimate a
maximum likelihood species tree, incorporating a PROTGAMMA model and applying
1000 bootstrap replicates to verify nodal support.
3.2.5 Positive selection
Using our ACAR dataset, we tested for positive selection by performing branchsites model likelihood ratio tests (LRTs) with the CODEML program implemented in
PAML v.4.8a (Yang, 2007), excluding gaps and ambiguous sites and using trees
inferred under PROTGAMMA model from respective orthologous groups. CODEML
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estimates the parameter omega (ω=dN/ dS) by maximum likelihood methods, allowing
variation between sites. The branch-sites model allows us to set one or both of our
green-blooded species as foreground branches in PAML. Likelihood ratio tests
statistically compare two models of evolution, one in which ω < 1 (null model) on all
branches of the phylogeny and another in which ω > 1 along green blood branches
(alternative hypothesis of positive selection). Likelihood ratio tests thus indicate whether
a model that allows for positive selection on certain branches is more likely than a
model without positive selection. Genes identified as positively selected for either greenblooded species served as candidate positively selected genes (PSGs).
3.2.6 Gene expression
Well-aligned orthologous coding sequences from our SJOB dataset were used
as input for gene expression analyses. Transcript abundance for the trimmed orthologs
across our four species were calculated using Salmon (Patro et al. 2017) and
normalized using TPM. After generating gene-level counts using Trinity’s genetranscript map, we identified differentially expressed genes (DEGs) between our greenblooded species and both red-blooded species (Lobulia elegans and Sphenomorphus
jobiensis) using DESeq2 (Love et al. 2014) with an adjusted p-value cutoff of 0.05. To
test if tissue type influenced differential gene expression between red- and greenblooded lizards, we designed a multi-factor experiment with an interaction term using
blood type (green and red) and tissue type (liver and muscle+bone). Liver was set as
the reference level as it had a higher number of mapped reads than muscle+bone.
3.2.7 Evolutionary rates
The ratio of nonsynonymous to synonymous substitutions (dN/dS) represents the
evolutionary rate of a protein-coding gene. We used our SJOB dataset to calculate
dN/dS between our samples. Because Sphenomorphus jobiensis is expected to have
the same amount of evolutionary differences between Lobulia elegans and either
Prasinohaema, we expect genes that are either positively selected or differentially
expressed in green-blooded lizards may have evolved at a different rate. Only
transcripts with complete open reading frames and more than 50% overlap were used.
Distance matrices for each alignment were calculated in Clustal Omega, and a normal
distribution was generated in R. Outlier genes for either Prasinohaema flavipes or P.
prehensicauda were identified, and annotations were extracted. We used a one-ratio
model (model = 0, NSsites = 0) in PAML (Yang 2007) to estimate the overall dN/dS ratio
for each ortholog to determine whether specific genesets correlated with shifts in
evolutionary rate. We used a Mann-Whitney U test to see if dN/dS ratios differ between
DEGs and non-differentially expressed genes or between PSGs and non-positively
selected genes.
3.2.8 Functional enrichment
To identify biological functions that are associated with our set of positively
selected genes, differentially expressed genes or outlier genes in our divergence
calculations, we performed a Fisher’s exact test, which will identify GO categories that
are significantly over-represented (i.e., more so than random chance) by our set of
candidate genes using a p-value cutoff of 0.05 (Subramanian et al. 2005). Functionally
enriched GO terms were identified using a rank‐based gene ontology analysis with
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adaptive clustering, which uses a two‐sided Mann–Whitney U test and a false discovery
rate correction (Wright et al. 2015).
3.3 RESULTS
3.3.1 Assembly
We sequenced two tissue types (liver and muscle-bone) from two green-blooded
lizards (Prasinohaema flavipes and Prasinohaema prehensicauda) and two red-blooded
lizards (Lobulia elegans and Sphenomorphus jobiensis). Between 87 — 96 million raw
paired-end reads remained after quality trimming and filtering (Table 3.1) from one lane
on an Illumina HiSeq 2500 platform. Due to many assembled contigs and duplicate
reads, each assembly was clustered at 90%, which did not significantly reduce the
mapping rate. Reads were combined in silico for the two tissue types, with mapping
rates between 87.8 and 94.7% (Table 3.2). The accuracy and completeness of our
assemblies were evaluated in BUSCO and compared to results of other reptilian
transcriptomes (Alföldi et al. 2011; Green et al. 2014; Liu et al. 2015; Simão et al. 2015;
Xiong et al. 2016; Duan et al. 2017). We captured most (88-95%) conserved genes
shared amongst metazoans and 48-65% of the conserved genes shared across
vertebrates. Our results are comparable to recently published reptilian transcriptomes
(Table 3.3).
3.3.2 Gene prediction and annotation
After protein prediction and homology searches, we recovered 26,699-35,036
predicted peptides. Each set of predicted peptides were blasted against several peptide
databases using blastp in both directions, with an e-value cutoff of e^-6 and a minimum
overlap length of 50. Only reciprocal best hits were kept. The peptide datasets were
blasted against the UniProt Swissprot database, the complete set of Anolis carolinensis
peptides, a curated database of squamate peptides, and NCBI's non-redundant protein
database. Using our hierarchical approach, we were able to annotate at least 50% of all
non-redundant predicted transcripts (Table 3.4 and Table 3.5).
3.3.3 Ortholog identification, annotation, and phylogenetic analysis
Reciprocal best blast hits (RBH) were performed bi-directionally between the
complete set of expressed mRNA transcripts in Anolis carolinensis (ACAR). When all
samples are aggregated, 61.4% of the Anolis carolinensis proteome had hits. In total,
we recovered 6,651 peptide sequences that were shared between our four
transcriptomes and A. carolinensis (our ACAR dataset). From this set, 5,053 had
functional annotations from protein signature databases. After sequence alignment and
quality filtering, 6,647 high-confidence alignments were retained for downstream
analyses. We estimated a maximum likelihood tree (ML) phylogenetic tree congruent
with previous phylogenomic studies based on thousands of conserved genomic markers
(Rodriguez et al. 2018). To generate an ortholog dataset for green-blooded skinks, RBH
was performed between Sphenomorphus jobiensis (our SJOB dataset) and the
complete set of expressed mRNA transcripts from our other three samples. After
sequence alignment and quality filtering, 13,811 high-confidence alignments were
shared between all four of our samples (SJOB) and retained for downstream analyses.
Overall, we recovered 10,880 shared genes using the transcript-to-gene map generated
by Trinity.
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3.3.4 Candidate Genes
To identify candidate genes that contribute to green blood physiology in lizards,
we looked at the footprint of positive selection, differential gene expression, and
elevated evolutionary rates. We identified positively selected genes (PSGs) using the
branch-site likelihood ratio test in PAML (Yang 2007) and obtained 836 genes that were
positively selected on the branches leading to P. prehensicauda and P. flavipes (674) or
on the ancestral branch leading to these sister taxa (263) in our ACAR dataset (Table
A.1). Of the 10,880 shared genes in our SJOB dataset, we identified 538 differentially
expressed genes (DEGs; adjusted P-value > 0.05, correction for false discovery rate) in
both green-blooded lizards when compared to their red-blooded relatives. In our
experimental design, we set liver as the reference level as it had a higher number of
mapped reads than muscle+bone and found 188 significant DEGs (p < 0.05, Fig. 3.2).
More genes were differentially expressed in muscle+bone tissue (350) than in the liver
(104), while few genes were differentially expressed in both tissue types (84). Greenblooded lizards shared more tissue-specific differences in gene expression (750) than
the two red-blooded lizards (162); however, this is likely due to differences in
evolutionary divergence of the two red-blooded species. We also identified genes with
higher evolutionary rates in both green-blooded lizards than expected, based on a
normal distribution of divergence estimates for all orthologs in the SJOB dataset. We
found 738 protein sequences that had significantly different rate than expected in our
analysis. We found that dN/dS ratios did not differ between differentially expressed
genes and non-differentially expressed genes (P > 0.05, Mann–Whitney U test).
However, we found that genes under positive selection in green-blooded lineages had
significantly different dN/dS ratios than genes that showed no evidence for positive
selection (P<2.2e-16, Mann-Whitney U test). These results indicated that genetic
evolution rates were correlated with positively selected genes, suggesting that proteincoding sequence changes and shifts in evolutionary rates may work together in lizards
with green blood.
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Table 3.1. MultiQC Summary Report. General statistics generated by FastQC,
aggregated in MultiQC. Summary statistics are shown for all four samples, for both
forward (R1) and reverse (R2) reads.
Sample Name

Unique
Reads (%)

Average GC
Content (%)

Average Read
Length (bp)

% Failed

Reads
(Millions)

Lobulia elegans (R1)

90.40%

47%

148 bp

18%

95.6

Prasinohaema flavipes
(R1)

90.70%

47%

141 bp

18%

87.2

Prasinohaema
prehensicauda (R1)

88.60%

47%

146 bp

18%

94.4

Sphenomorphus
jobiensis (R1)

86.60%

48%

146 bp

18%

88.3

Lobulia elegans (R2)

89.00%

47%

148 bp

9%

95.6

Prasinohaema flavipes
(R2)

89.70%

47%

141 bp

9%

87.2

Prasinohaema
prehensicauda (R2)

87.30%

47%

146 bp

9%

94.4

Sphenomorphus
jobiensis (R2)

85.10%

48%

146 bp

9%

88.3
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Table 3.2: Clustering and mapping rate. Each assembly was clustered at
three different thresholds using CD-HIT-EST (98%, 95%, 90%). Following
clustering, cleaned reads were mapped back to each clustered assembly to
determine the best clustering threshold without significantly reducing the map
rate. Ninety (90) was chosen as the best threshold for each sample.
Sample:

Lobulia
elegans

Prasinohaema
flavipes

Prasinohaema
prehensicauda

Sphenomorph
us jobiensis

Cluster
(%)

Contigs
(#)

Proper Pairs (%)

Improper Pairs (%)

N50

None

145346

76286262 (88.03%)

2561346 (2.96%)

1589

98

145192

76287159 (88.03%)

2561840 (2.96%)

1587

95

124174

76427541 (88.23%)

2301820 (2.66%)

1337

90

112790

76186079 (87.83%)

2551699 (2.94%)

1308

None

116845

66402660 (93.25%)

578257 (0.81%)

1169

98

116668

66403844 (93.25%)

578620 (0.81%)

1169

95

102884

66781126 (93.3%)

620393 (0.87%)

1017

90

94206

66694025 (93.07%)

680077 (0.95%)

999

None

151259

80292201 (94.63%)

643529 (0.76%)

1370

98

151110

80292301 (94.63%)

643659 (0.76%)

1370

95

131099

79804370 (94.66%)

606393 (0.72%)

1136

90

119276

79708226 (94.65%)

572065 (0.68%)

1112

None

108251

71920686 (92.3%)

1272896 (1.63%)

1418

98

108076

71920773 (92.3%)

1272909 (1.63%)

1418

95

96700

71778437 (92%)

1194973 (1.53%)

1243

90

89814

71617830 (91.78%)

1212469 (1.55%)

1216
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Table 3.3. Busco Analyses. Our 90% clustered assemblies were searched against the
Metazoan and Vertebrate BUSCO groups. We provide BUSCO results from other
reptile genomics studies (highlighted in gray) for reference.
Busco
Group

Species

Reference

95.0

0.6

3.1

1.3

978

Anolis carolinensis

88.1

0.8

5.6

5.5

978

94.1

0.6

2.1

3.2

978

94.0

1.2

3.3

1.5

978

Gekko japonicus

89.8

1.1

6.3

2.8

978

Lobulia elegans
Prasinohaema
flavipes
Prasinohaema
prehensicauda
Sphenomorphus
jobiensis

91.8

16.5

6.4

1.8

978

Green et al.
2014
Alfoldi et al.
2011
Green et al.
2014
Xiong et al.
2016
Liu et al.
2015
This Study

83.1

13

13.1

3.8

978

This Study

89.8

19.4

8.2

2

978

This Study

89.1

16.3

8

2.9

978

This Study

Anolis carolinensis

58.0

14.0

8.7

32.0

3023

64.9

0.8

8.9

26.2

3023

57.7

1.0

18.2

24.0

3023

Gekko japonicus

50.5

0.8

19.2

30.3

3023

Python bivittatus

55.2

0.6

19.8

25.0

2568

Lobulia elegans
Prasinohaema
flavipes
Prasinohaema
prehensicauda
Sphenomorphus
jobiensis

65.8

11.7

18.6

15.6

2586

Liu et al.
2015
Duan et al.
2017
This Study

48.1

6.6

25.9

26

2586

This Study

60.9

11.1

22

17.1

2586

This Study

56.5

9.1

22.4

21.1

2586

This Study

Ctenophorus
decresii
Eublepharus
macularius

Vertebrates

Total
Groups

Alligator
mississippiensis

Crocodylus
porosus
Eublepharus
macularius
Metazoans

Complete Duplicate Fragmente Missing
(%)
d (%)
d (%)
(%)
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Simão et al.
2015
McLean et
al. 2017
Xiong 2016

Table 3.4: Annotation results. Following open reading frame prediction, each set of
predicted peptides were blasted against several peptide databases using blastp in both
directions. Only reciprocal best hits were counted. The peptide datasets were blasted
against the UniProt Swissprot database, the complete set of Anolis carolinensis
peptides (Anolis), a curated database of squamate peptides, and NCBI's nonredundant protein database. The number of predicted peptides with a reciprocal best
hit to at least one database is shown.
SAMPLE

Total
Peptides (#)

SwissProt

Anolis

Squamate
DB

NR

Annotated
Sequences (%)

Lobulia elegans

34967

9806

10451

5673

1819

19693 (56%)

Prasinohaema
flavipes

26699

8325

8806

4224

1234

15680 (59%)

Prasinohaema
prehensicauda

35036

9911

10439

5961

1883

20129 (57%)

Sphenomorphus
jobiensis

27936

8914

9452

4718

1348

17075 (61%)

Table 3.5. Number of Reciprocal Best Hits to Anolis
carolinensis proteome. The complete set of expressed
RNA transcripts (translated into all six amino acid
frames) from the same Anolis dataset was used for
comparison. We also report the total number of nonredundant hits across all samples (Any) and RBHs
shared between all samples from this study.
Sample

Number of RBH (%)

Anolis carolinensis (translated RNA)

18739 (84.2%)

Any

13669 (61.4%)

Lobulia elegans

10642 (47.8%)

Prasinohaema flavipes

8037 (36.1%)

Prasinohaema prehensicauda

8851 (39.8%)

Sphenomorphus jobiensis

9805 (44.1%)

Prasinohaema

7365 (33.1%)

All

6651 (29.9%)
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Figure 3.2. Heatmap for all significant DEGs in liver tissue between green and
red-blooded lizards. Only well-aligned orthologous coding sequences from our SJOB
dataset was used as input. Counts have been log-normalized and z-transformed based
(figure cont’d)
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on experimental set up. Species names are abbreviated as follows:
Prasinohaema prehensicauda (Ppre), Prasinohaema flavipes (Pfla), Sphenomorphus
jobiensis (Sjo), and Lobulia elegans (Lel). Yellow=upregulated and blue=downregulated.
Functional enrichment analyses were applied to PSGs and DEGs. The most
common gene ontology (GO) categories that were overrepresented can be broadly
described as heme binding, monooxygenases, enzyme inhibition, protein transport, lipid
transport, DNA integration, membrane transport, molecular transducer, transition metal
ion binding, and immune response (Fig. 3.3). Several protein families were represented
in both PSGs and DEGs that are known to be associated with bile pigments, including
albumin family proteins (albumins), serine protease inhibitors (serpins), ATP-binding
cassette transporters (ABCs), cytochrome P450 monooxygenase superfamily of
hemoproteins (cytochrome P450s), solute carrier (SLC) organic-anion-transporting
polypeptides (OATP/SLCO), and immunoglobulins. Vitamin D-binding protein/groupspecific component (VDP/GC) and alpha-fetoprotein (AFP), which we identified as
candidate genes, are two albumin family genes that are known to bind and transport a
wide-range of molecules in the blood, including bile pigments (White and Cooke 2000;
Terentiev and Moldogazieva 2013). Importantly, 2 other alpha-fetoprotein-like genes
containing the albumin family functional domain (PFAM PF00273) were among the top
ten most significant DEGs. Noteworthy GO terms associated with serine protease
inhibitors (e.g., serine-type peptidase, serine-type endopeptidase inhibitor, peptidase
regulator, anion transport, and enzyme inhibitors), were overrepresented in both DEGs
and PSGs. Indeed, we found four candidate genes with functional annotations for the
serpin superfamily of protease inhibitors in the alpha-1-antitrypsin-like clade. While
serpins have a wide-range of functions, a novel serpin in the alpha-1-antitrypsin clade
that binds to BV has been recently described in frogs with BV in the skin (Taboada et al.
2020). Deficiencies in alpha-1-antitrypsin are also linked to neonatal jaundice and bile
pigment buildup (Crowther et al. 2004; Abboud et al. 2011; Mitchell and Khan 2017).
Other overrepresented functional categories were heme binding and iron ion binding
(Fig. 3.3), which include several cytochrome P450 genes that were significantly
differentially expressed (1A5, 2B4, 2D14, 2W1, and CYP2A) and evolving under
positive selection (1A5 and 2B4). These heme-containing proteins have been shown to
oxidize and protect cells against bile pigment damage (Kapitulnik and Gonzalez 1993;
Pons et al. 2003; Abu-Bakar et al. 2005; De Matteis et al. 2006). Cation binding,
phospholipid transport, and cell-membrane transport categories were also
overrepresented which included 2 OATPs (SLCO1B1 and SLCO1C1) and more than 10
types of ATP-dependent membrane transporters (ATPase and ABC transporters) (Fig.
3.3). OATPs are known to mediate transport of large toxins and bile pigments (Stieger
and Hagenbuch 2014) while ATP-dependent transporters can be viewed as gatekeepers of the cell and are primarily responsible for chelating cations and moving
substrates across cell membranes to protect cells from toxic buildup (Watchko et al.
2001; Hankø et al. 2003; Calligaris et al. 2006; Falcão et al. 2007; Corich et al. 2009).
Deficiencies in ATP-Binding cassettes have also been linked to pathogenic bile pigment
accumulation in humans (Roy-Chowdhury et al. 2020; Wu et al. 2020). Lastly, our
candidate genes were enriched for broad terms involved in stress response (e.g.,
oxidoreductase activity, metabolic functions, and response to stress; Fig. 3.3). These
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categories encompassed more than 20 candidate genes with functional annotations for
immunoglobulins, immunoreceptors, and antigens.

Figure 3.3. Functional enrichment analyses for differentially expressed genes in
green-blooded lizards were either significantly enriched for GO categories in molecular
functions, biological processes, or cellular components. Biological processes GO
categories significantly enriched for DEGs were either upregulated (red) or
downregulated (blue).
3.4 DISCUSSION
We investigated the molecular underpinnings of green blood in lizards, laying the
groundwork for understanding this enigmatic phenotype's genetic basis and
evolutionary origins. This study's closest available genome was from the green anole
(Anolis carolinensis) that shared a common ancestor with scincid lizards approximately
180 mya. We obtained thousands of protein-coding transcripts with functional
annotations, despite nearly 360 million years of evolutionary separation from Anolis. Our
comparative transcriptomic analyses identified 836 genes under positive selection and
538 differentially expressed in lizards with green blood. Few genes (29) were both
differentially expressed and showed evidence for positive selection. However, several
gene families were represented in both PSGs and DEGs. Genes under positive
selection were correlated with different evolutionary rates; however, genes that were
differentially expressed in both green-blooded lizards were not evolving at significantly
different rates than non-differentially expressed genes. Our data suggest that the
evolution of green blood is associated with changes in multiple protein families. It may
be that there are separate sets of genes responsible for BV retention and others for the
mitigation of BV toxicity.
Green blood in lizards is likely the result of increased BV retention capacity rather
than overproduction of BV. Nearly all highly-conserved genes involved in vertebrate
heme biosynthesis (e.g., ALAD, CPOX, FECH, HMOX1, PPOX, RSAD1, UROS, and
UROD) and vertebrate heme catabolism (HMOX1, BLVRA, BLVRB, UGT1A6) that are
associated with genetic disorders stemming from defective hemoglobin metabolism
(Tukey and Strassburg 2000; Badminton and Elder 2005; Kumar and Bandyopadhyay
2005; Maisels 2006; Strassburg 2008; Layer et al. 2010; Roy-Chowdhury et al. 2020)
appeared functional (no premature stop codons) and were expressed at similar levels in
green-blooded lizards and red-blooded lizards. CPOX encodes for coproporphyrinogen-
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III oxidase, one of the major enzymes involved in heme biosynthesis, and was
significantly overexpressed in green-blooded lizards. However, known disorders are
attributed to CPOX deficiency rather than higher activity, as seen in our data
(Badminton and Elder 2005; Schmitt et al. 2005). Also, dissection of green-blooded
lizards reveals normal liver and gallbladder appearance, which is filled with a green
liquid that is likely BV (CC Austin, unpublished data). Our data suggest that the typical
vertebrate red blood cell recycling process is functioning as expected in green-blooded
lizards, yet these lizards are simply retaining extremely high levels of BV in the
circulatory system.
In contrast, these lizards maintain blood-BV concentrations 10 to 20 times higher
than the highest, and fatal, BV level recorded in humans (50 μM) (Greenberg et al.
1971). Indeed, we identified several immunoglobulin proteins that are differentially
expressed or positively selected, suggesting that changes in immunoglobulin
expression or protein sequence likely evolved as an immunological response to BV
retention. For example, immunoglobulins respond to excess blood-biliverdin levels by
reducing the hemolysis rate (destruction of red blood cells). Intravenous immunoglobulin
therapy is a common technique to treat neonatal jaundice (Alcock and Liley 2002;
Beken et al. 2014).
Modifications in transport proteins may increase BV-binding capacity in greenblooded lizards. Two closely-related albumin family genes, Vitamin D-binding protein
(GC) and alpha-fetoprotein (AFP), were detected as evolving under positive selection in
green-blooded lizards. In humans, GC principally acts as a transporter for vitamin D and
its metabolites, but in other mammals, it also binds to actin and activates macrophages
during immune and inflammatory responses (White and Cooke 2000; Chun 2012). AFP
has been shown to bind and transport a wide array of hydrophobic ligands such as
bilirubin, estrogen, and assorted fatty acids and regulate cell proliferation and tissue
growth in mammals (Terentiev and Moldogazieva 2013). AFP's ability to bind to the bile
pigment, bilirubin, is intriguing and suggests that it may also bind to the biochemically
similar BV, which differs from bilirubin by only two hydrogen atoms (Gray 1953).
Humans suffering from impaired or nonfunctional serum albumin may survive until
adulthood due to compensatory measures from other albumin proteins (Minchiotti et al.
2019), suggesting that albumin proteins are highly labile and may bind to BV in these
lizards. Two additional albumin family genes were significantly differentially expressed
and may play a role in BV-binding; however, we could only annotate these two genes
down to the family level. Given the tight association between albumins and bile
pigments, binding modifications in AFP, GC, and closely-related albumin proteins may
confer increased binding capacities that reduce or preclude BV cytotoxicity and
neurotoxicity in green-blooded lizards. Serum albumin (ALB), the most abundant protein
in the blood, binds and delivers a wide range of molecules within the circulatory system
yet forms highly specific complexes with bile pigments BV and bilirubin (Fasano et al.
2005; Fanali et al. 2012). Serum albumin is highly conserved across vertebrates (Noël
et al. 2010; Li et al. 2017), and loss or reduction of function is associated with critical
illnesses (Nicholson et al. 2000; Minchiotti et al. 2019). However, the canonical serum
albumin gene (ALB) appears to be absent from all currently available lizard genomes
(Broussard et al., unpublished data). The albumin family of proteins is well-studied in
mammals but poorly characterized in non-mammalian lineages, and our study highlights
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the need for a broader understanding of these proteins and associated non-coding
regions across the tree of life. In addition to albumin family genes, we find several
serine proteinase inhibitors (serpins), which are synthesized in the liver and travel to
other organs to protect cells from membrane lysis enzymes. Most of our serpin genes
could only be annotated down to the family level, but we find two genes belonging to the
alpha-1 antitrypsin clade (SERPINA1 and SERPINA10). Mutations in the SERPINA1
gene in humans cause alpha-1 antitrypsin deficiency resulting in liver disease and
jaundice (Crowther et al. 2004; Chen et al. 2018). Importantly, a new biliverdin-binding
serpin from alpha-1 antitrypsin clade was described in chlorotic frogs that have a clear
ecological role in fine-tuning anuran cryptic coloration (Taboada et al. 2020). We argue
that the upregulation of these BV-binding serpin genes in green-blooded lizards
precludes unbound BV from damaging other cells and results in BV accumulation
without noticeable deviations hemolysis or BV excretion rates.
We find several genes that may mitigate the negative consequences of BV
accumulation in lizards. First, several cytochrome P450 monooxygenases (Cyp) may
protect cells in green-blooded lizards from BV toxicity. Cyp genes are known to oxidize
excess unbound bile pigments in rats (Kapitulnik and Gonzalez 1993; Pons et al. 2003;
De Matteis et al. 2006) and humans (Abu-Bakar et al. 2005), and massive upregulation
of Cyp mRNA has been shown to protect rat brains from bile pigment neurotoxicity in
vivo (Gazzin et al. 2012). This suggests that Cyp proteins may protect green-blooded
lizards from BV neurotoxicity. Third, membrane transporters known to mediate BV
transport across the cell membrane may be upregulated in green-blooded lizards to
prevent BV buildup in cells (Hediger et al. 2004; Stieger and Hagenbuch 2014),
including 2 OATP solute carrier proteins (SLCO1B1 and SLCO1C1), ATP-binding
cassette transporter proteins (ABC transporters), and ATPase transporters (Hediger et
al. 2004; Stieger and Hagenbuch 2014). Genes encoding the ATP-dependent
transporters are responsible for providing the energy to translocation of substrates
across the membrane for export and have been shown to protect cells from bile pigment
toxicity in vitro (Watchko et al. 2001; Hankø et al. 2003; Calligaris et al. 2006; Falcão et
al. 2007; Corich et al. 2009) and in vivo (Gazzin et al. 2012). Further, mutations in ABC
transporters in humans are associated with liver disease and jaundice (Crowther et al.
2004; Chen et al. 2018). However, it is unclear if ATP-dependent transporter genes'
changes contribute to BV accumulation or help alleviate its toxicity in green-blooded
lizards.
The adaptive value, if any, for having elevated BV has not been explored, but
Perkins and Austin (2009) hypothesized that the novel and toxic green-blood physiology
might have evolved to reduce or preclude the infection of blood parasites like
Plasmodium that cause malaria in reptiles (Schall et al. 2002). Though low levels of BV
(~ 10μm/L) have demonstrated antioxidant activity, cytoprotective properties, and limit
oxidative damage (McDonagh 2010; Jansen and Daiber 2012; Butler and Ligon 2015),
BV is rapidly disposed of to avoid cell membrane lysis and general DNA damage that
accompanies higher concentrations (Asad et al. 2002; Liu et al. 2002). Given the
pathological consequences of bile pigment accumulation in most vertebrates, it seemed
unlikely that green blood evolved multiple times in lizards. Prior to robust phylogenetic
analysis, all green-blooded lizards were united under the same genus (Greer and
Raizes 1969). However, our previous phylogenomic work demonstrated that there are
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likely four independent origins of the green-blood phenotype (Rodriguez et al. 2018).
Although New Guinea lizards are the only known amniotes with BV-rich blood, several
other vertebrates and invertebrates have been documented to have elevated levels of
bile pigments in the blood and body. BV retention has been documented in the blood
and scales of several unrelated species of fishes (Bada 1970; Low and Bada 1974;
Fang 1984; Mudge and Davenport 1986; Makos and Youson 1987; Fang and Bada
1988; Fang and Bada 1990; Gagnon 2006) and insects (Goodman et al. 1985; Law and
Wells 1989), in the eggshells of some birds (Kennedy and Vevers 1976), and is the
likely cause of green blood, bones, and mucosal tissues in several unrelated species of
frogs (Marinetti and Bagnara 1983; Lötters et al. 2005; Grismer et al. 2007; Rowley et
al. 2011; Twomey et al. 2014; Rowley et al. 2015; Kraus 2018). The rare but
phylogenetically-dispersed convergent evolution of BV accumulation in animals
suggests that there is an adaptive value to this phenotype. Our results lay the
foundation for understanding the influence of BV on this potentially ecologically relevant
physiology and the role that outlier phenotypes might have in better understanding
general patterns in genomic evolution across the tree of life, especially in non-model
species.
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CHAPTER 4: PHYLOGENOMICS OF A HIGH-ELEVATION NEW
GUINEA LIZARD
4.1 INTRODUCTION
Tropical mountains offer a promising natural laboratory to test interesting
biogeographic hypotheses because mountains are tectonically dynamic regions that
undergo substantial geological changes over time. These transient environments drive
the splitting and isolation of species ranges, evolutionary adaptations to different
elevations, and population differentiation (Rahbek, Borregaard, Antonelli, et al. 2019).
High species richness and endemism on tropical mountains reflect the increased
speciation, coexistence, and extinction of distinct evolutionary lineages (Rangel et al.
2018). Because the rapid formation of steep ecographic gradients is predicted to
promote species diversity, many studies seek to link the timing of montane
diversifications with mountain building (Rahbek, Borregaard, Colwell, et al. 2019).
New Guinea -- one of the most biodiverse regions on the planet – is a rewarding
region to investigate how biogeographic processes promote species diversity. Between
5-10 mya, the Australian plate collided with the Outer Melanesian arc, resulting in major
shifts in habitat and landscapes. This collision formed several mountain ranges,
including the central cordillera mountain range that rises more than 4800m in elevation
and runs the length of New Guinea. The central cordillera uplift predates several splits
between highland and lowland New Guinea species, suggesting that this uplift drove
divergent evolution. The collision also resulted in the uplift of the Huon Peninsula in
northwest New Guinea, once part of the arc. The Huon peninsula is bounded by the

Figure 4.1 Sampling localities for this study. Numbers represent localities from
a previous study (Slavenko et al. 2020). Named localities represent new samples
generated here.
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Pacific Ocean on the North, South, and West sides and isolated from eastern New
Guinea highlands by broad, low-elevation valleys. Thus, we expect to see high species
divergence between highland and lowland populations and the recent evolution of
morphological adaptations in response to this landscape uplift. Landscape uplift
generates elevational and temperature gradients that can underpin morphological
adaptations and species diversification. New Guinea lizards offer an excellent system to
test the involvement of landscape uplift in shaping biodiversity. The central cordillera
uplift predates several splits between highland and lowland New Guinea species,
suggesting that this uplift drove divergent evolution.
New Guinea lizards from the genus Papuascincus are high-elevation species
most closely related to a low-elevation species lineage. Papuascincus species occupy a
broad elevational gradient from 700m - 4000m throughout the central cordillera. Though
the high-elevation P. stanleyanus is not found below 700m, it exists in several highland
regions separated by low-elevation (0-700m) valleys that are uninhabitable by P.
stanleyanus. In addition to East New Guinea highlands, P. stanleyanus are found on the
Huon Peninsula to the east, separated from the rest of New Guinea by <700m valleys.
Recent work has suggested population structure on either side of this divide (Rodriguez
et al. 2018; Slavenko et al. 2020). Notably, our previous work identifies a low-elevation
species nested within the P. stanleyanus lineage. However, drawing connections
between geographic events and speciation processes can be difficult because
population structure may have existed before the event.
Here, we explore the phylogenetic history of Papuascincus stanleyanus and
investigate biogeographic hypotheses that explain their current distribution: 1: Highelevation P. stanleyanus dispersed to other high-elevation mountain ranges during
glacial advances (dispersal hypothesis) which depressed their habitat boundaries;
Hypothesis 2: P. stanleyanus can colonize low-elevation habitats and subsequently
colonize high-elevation regions (low-elevation hypothesis).
4.2 METHODS
4.2.1 DNA sampling and sequencing
Our ingroup sampling included 34 Papuascincus stanleyanus lizards from across
its range in Papua New Guinea (Fig. 4.1), and our outgroup sampling included 2 Lipina
pulchra samples and 2 Fojia bumui samples based on a previously published phylogeny
(Rodriguez et al. 2018). We took a genome-wide next-generation sequencing approach
and targeted 5,060 UCE loci using an in-solution sequence capture protocol (Faircloth
et al. 2012). Genomic DNA was extracted from tissue preserved in ethanol using a
standard DNA salt extraction protocol (MacManes 2013) and sonicated into sizes
between 400-600 bp, with a target of 400 bp using an Episonic 1000 (Epigentek,
Farmingdale, NY, USA). A Kapa Hyper Prep Kit (Kapa Biosystems, Inc., Wilmington,
MA) was used to prepare libraries for target enrichment and sequencing, including
ligation of custom dual-indexed adapters with a unique barcode sequence for each
individual. Before sequence capture, we pooled indexed libraries into groups of 8 in
equimolar ratios. For sequence capture, we used the Tetrapods-UCE-5Kv1 probe set
(MYbaits; MYcroarray, Ann Arbor, Michigan, USA) targeting 5,060 UCE loci following a
freely-available open-source protocol. Following enrichment and limited-cycle PCR,
pools of equimolar reactions were combined and sent to Oklahoma Medical Research
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Foundation (Oklahoma City, OK, USA) for 150bp paired-end sequencing on an Illumina
HiSeq3000.
4.2.2 Bioinformatics
To process demultiplexed raw reads for phylogenomic analyses, we followed the
standard PHYLUCE pipeline (Faircloth 2016). Illumiprocessor, in combination with
Trimmomatic, was used to filter low quality reads and remove adapters (Bolger et al.
2014), yielding an average of 8,504,473 reads (302,468 - 119,426,985) and
1,141,548,626 base pairs (42,543,058 - 17,007,264,440) per sample. Filtered reads
were assembled into contigs using Trinity (Haas et al. 2013). To check for
contamination, all contigs were aligned to the non-redundant protein database by
BLASTP with an E-value cutoff of 1 x 10-6 and checked for best hits to squamate
reptiles. We also performed an all-vs-all blast search on the assemblies. We removed
one individual with reciprocal best hits to a different species, likely the result of crosscontamination. The resulting assemblies were screened for matches to the UCE probes,
and non-targets and paralogs were removed in PHYLUCE. The resulting regions were
aligned using MAFFT (Katoh and Standley 2013), and quality trimmed using a
parallelized wrapper around Gblocks.
To phase UCE loci, we selected as a reference the individual from our sampling
that contained the greatest number of UCE loci after filtering: Papuascincus stanleyanus
LSUMZ 98686. We phased UCE loci using the seqcap_pop pipeline
(https://github.com/mgharvey/seqcap_pop; Harvey et al. 2016) to obtain a single
nucleotide polymorphism (SNP) dataset. This involved mapping reads from each
individual to the reference using BWA 0.7.4 (Li and Durbin 2009), allowing mismatches
of up to 4 nucleotides to alleviate the loss of divergent alleles. We sorted and converted
sam files to bam format using SAMTOOLS 0.1.19 (Li et al. 2009), and cleaned bam files
by soft-clipping reads outside the reference contigs and added read groups for each
individual with PICARD 1.106 (http://broadinstitute.github.io/picard/). To identify SNPs
and insertions or deletions (indels), we applied GATK 4 (McKenna et al. 2010) base
score recalibration (BaseRecalibrator), duplicate removal, SNP and insertion or deletion
(INDEL) discovery (Poplin et al. 2017), genotyping across all samples simultaneously
using standard hard filtering parameters, variant quality score recalibration according to
GATK Best Practices recommendations (DePristo et al. 2011; Van der Auwera et al.
2013), and exported SNPs in vcf format for each individual in addition to a combined
gvcf file for all individuals.
To combine our dataset with publicly available P. stanleyanus mitochondrial
genes, we used off-target reads from the UCE sequencing to assemble draft
mitochondrial genomes for our samples. We assembled iterative mitochondrial
genomes with MITObim 1.9 (Hahn et al. 2013) using the complete mitochondrial
genome Plestiodon tunganus (Chen et al. 2019). We annotated the assembled
mitochondrial genomes using (Allio et al. 2020) and extracted NADH dehydrogenase
subunit 2 (ND2) sequences. These sequences were combined with 65 Papuascincus
sp. ND2 sequences from a recent sanger dataset (Slavenko et al. 2020) and aligned in
MAFFT (Katoh and Standley 2013).
4.2.3 Phylogenetics
From the 4,095 loci UCE dataset, we generated a 75% complete matrix and
estimated phylogenetic tree using a maximum likelihood approach in IQ-TREE (Nguyen
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et al. 2015), including a search for the best model of nucleotide evolution
(Kalyaanamoorthy et al. 2017). We also estimated ND2 gene trees that included our
dataset and previously published data using maximum likelihood (IQ-TREE) and
Bayesian inference approaches (MrBayes; Huelsenbeck and Ronquist 2001). We ran
the ND2 analysis for 100 million generations, sampling every 10,000, set a burn-in of
20%, and checked convergence of 4 independent runs in Tracer 1.7.1 (Rambaut et al.
2018) and that ESS values exceeded 200 for all parameters. We generated a maximum
clade credibility tree from the posterior set of trees.
4.2.4 Population genetics
In addition to our phylogenetic analyses, we utilized UCE SNPs to investigate
population-level genetic structure patterns and our ND2 dataset to investigate ancestral
biogeographic patterns. We explored the extent of admixture in our data set by
estimating ancestry proportions with an approach based on sparse non-negative matrix
factorization (sNMF; Frichot et al. 2014). We did not a priori assign individuals to
populations (K) or use geographic information. To choose the number of ancestral
populations (K) among 20 different values (1-20), we calculated the cross-entropy
criterion based on the prediction of masked genotypes ten times for each value of K.
We chose the value that minimized the cross-entropy calculation and the ancestry
coefficients for the best K were calculated.
4.2.5 Ancestral biogeography
We reconstructed ancestral distribution based on a cost matrix of dispersal,
vicariance, and extinction events under generalized parsimony approaches (Lamm and
Redelings 2009) using Bayesian statistical dispersal-vicariance analyses (S-DIVA; Yu et
al. 2010) and BioGeoBEARS (Matzke 2013) implemented in RASP (Yu et al. 2020). For
biogeographic analyses, we used an unrooted Bayesian Inference tree containing 1
sample per lineage as defined in (Slavenko et al. 2020) including the outgroup (Lipinia
pulchra). We assigned each sample to one of four letter-labeled geological regions: (A)
Fold Belt, (B) Oceanic Arc Terrains, (C) East-Papuan Composite Terrain, or (D)
Australian Craton. We performed a second biogeographic analysis that split up the Fold
Belt and East-Papuan Composite Terrain into sub-regions separated by deep valleys. In
addition to A, B, C, and D, we added: (AF) Fold Belt – Kaironk Village, (AE) Fold Belt –
Mt. Gahavasuka, (AC) East-Papuan Composite Terrain – North.
4.3 RESULTS
4.3.1 Phylogenetic analyses
The UCE species tree and ND2 gene tree recovered three interesting results.
First, Papuascincus stanleyanus lineages in the Fold Belt show substantial phylogenetic
structuring (Figs. 4.2-4.3). We see parallel genetic splits between samples from Madang
Province (e.g., Kaironk, Simbai) and Eastern Highlands Province (e.g., Mt. Gahavisuka,
Ungai). Second, our lowland species (LSUMZ95112) is nested within other highland P.
stanleyanus, rather than sister to our high-elevation P. stanleyanus samples. Lastly, our
samples from the Oceanic Arc Terrains (i.e., Huon Peninsula) are sister to a clade
containing taxa from the Eastern Highlands and Southern Highlands, rather than being
sister to taxa on the other side of the Markham Valley.
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Figure 4.2 UCE maximum likelihood phylogeny estimated in IQ-TREE.
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Figure 4.3 Sample localities and ND2 species tree phylogeny estimated using
Bayesian Inference in MrBayes. Colored dashed lines connect tips of the phylogeny to
their sampling locality.
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4.3.2 Population Genetics and historical demography
Admixture analysis using all UCE SNPs recovered equal support for K=4 (Fig.
4.4) and K=6 (Fig. 4.5) distinct populations within our samples. Samples from the EastPapuan Composite Terrain form a stable population with no admixture, consistent with
the combined ND2 phylogeny (Fig. 4.6). Our results show either 2 (K=4; red and light
blue) or 3 (K=6; dark blue, green, and red) stable populations in the Fold Belt. We find a
third Fold Belt population (green and purple) with substantial admixture from all other
populations. The Oceanic Arc Terrain population (Huon Peninsula) contains substantial
admixture from other Fold Belt populations. When the analysis is optimized at four
populations, our low-elevation individual (Australian Craton) shows substantial
admixture with almost equal contributions from the other populations (K=4). However,
when K is optimized at 6 populations, the low-elevation P. stanleyanus forms a distinct
population with the Huon Peninsula P. stanleyanus.

Figure 4.4 Assignment of individuals and populations based on SNMF results
with K=4. The probability of ancestry of each individual (x-axis) to each of the 4
populations (y-axis). The 4 clusters correspond with geographic ranges, with red
corresponding to the Northwestern Fold Belt, green with East-Papuan Composite
Terrain, purple with Central Cordillera Fold Belt, and light blue with Eastern Highlands
Fold Belt. Not that the fold belt is split into two major regions: purple (Central Cordillera)
and light blue (Northwestern Fold Belt). The light blue population contains substantial
admixture. The Australian Craton individual (CCA5980) contains substantial admixture,
but is assigned to the light blue Fold Belt population. Our Oceanic Arc Terrains (Huon
Peninsula) individuals are assigned to both Fold Belt populations, with substantial
admixture from all other populations.
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Figure. 4.5 Assignment of individuals and populations based on SNMF results
with K=6. The probability of ancestry for each individual (x-axis) to each of the 6
populations (y-axis). The 6 clusters slightly correspond with geographic ranges, with red
and green clusters assigned to one Fold Belt population (light blue in K=4), dark blue
corresponding with Northwestern Fold Belt, light blue corresponding with East-Papuan
Composite Terrain, pink corresponding with the Central Cordillera Fold Belt population
containing substantial admixture, and gold corresponding with the Huon Peninsula and
lowland Australian Craton individual.
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Figure 4.6 UCE species tree phylogeny with assignment of individuals and
populations based on SNMF results for K=4 and K=6. Population assignments
correspond with phylogenetic breaks and roughly geographic range. The East-Papuan
Composite Terrain samples are sister to other Papuascincus stanleyanus samples
represented by gold (K=4) and light blue (K=6). Our Australian Craton lowland individual
shows substantial admixture (K=4) or are assigned to a distinct population with our
samples from the Huon Peninsula represented by gold (K=6). The Fold Belt is split into
3 (green, red, light blue; K=4) or 4 populations (pink, blue, green, red; K=6), with one
population containing substantial admixture (green: K=4; pink; K==6) from all other
populations.
4.3.3 Ancestral Biogeography
According to the BAYAREA and DEC analyses, Papuascincus stanleyanus
originated within either the Fold Belt (75% probability BAYAREA), the East-Papuan
Composite Terrain (25% probability BAYAREA; 25% probability DEC), or had a broad
distribution across both Fold Belt and East-Papuan Composite Terrain (75% probability
DEC) in the Fold Belt (Fig. 4.7). This is in contrast to previous studies with strong
support for an ancestral population in the Fold Belt (Slavenko et al. 2020); however, our
increased geographic sampling results in more support for the East-Papuan Composite
Terrain as the ancestral range. This was followed two independent colonizations into
the Australian Craton, and a single colonization event into the Oceanic Arc Terrains
which is restricted to the Huon Peninsula. Our results parallel previous studies
(Slavenko et al. 2020), but add an additional colonization event into the Australian
Craton and highlight the low possibility of an East-Papuan Composite Terrain origin.
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Figure 4.7 Phylogenetic species tree and ancestral biogeographical
reconstruction of Papuascincus stanleyanus. The analysis was based on a reduced
ND2 dataset, containing a single sample from each collection locality. Pie charts on
nodes and tips represent the probability of each geological region: blue (A; Fold Belt),
purple (Huon Peninsula), brown (Oceanic Arc Terrain), and orange (Australian Craton).
Combinations of up to 2 geologic regions are also shown. Biogeographical
reconstruction analysis was done using both BAYAREA and DEC models. The
BAYAREA analysis is shown here; the only major difference is on two ancestral internal
nodes with pie charts representing the predicted geographic range. Both analyses show
an ancestral population with either a Fold Belt range or Fold Belt + East Australian
Craton geographic range.
4.4 DISCUSSION
4.4.1 Cryptic diversity in Papuascincus stanleyanus
We provide phylogenomic, population genomic, and biogeographic analyses for the
high-elevation Papuascincus stanleyanus, endemic to the montane regions in New
Guinea. We find substantial phylogenetic and genomic structuring within P.
stanleyanus, with population assignments from 4-6 distinct genetic clusters. Our results
corroborate genetic lineages reported in Slavenko et al. (2020) but add missing
geographic sampling in the southeastern Fold Belt. However, the different lineages are
difficult to tell apart via general morphometric proportions, coloration patterns, and
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scalation, yet correspond with size (Slavenko et al. 2020). Our phylogenetic,
demographic, and biogeographic analyses strongly suggest the existence of genetically
distinct lineages likely meriting the description of different species.
4.4.2 Biogeography and coexistence of close relatives
We find support for a broad distribution of ancestral Papuascincus stanleyanus
across the Fold Belt and East-Papuan Composite Terrain, in contrast to a single
origination within the Fold Belt reported in (Slavenko et al. 2020). Our biogeographic
analyses show multiple colonization events across geographic barriers that should
prevent P. stanleyanus populations' gene flow. The deeper splits (7-11 Mya) are
estimated to concur with the Central Cordillera uplift, which likely drove the radiation of
P. stanleyanus. We find several allopatric (non-overlapping distribution) genetic splits
that correspond with the four major geographic regions. Also, we find evidence for
sympatrically (overlapping) distributed lineages of P. stanleyanus. The two East-Papuan
Composite Terrain lineages have individuals sampled from the same locality – Saulele –
a lower montane region in the Owen Stanley Mountain Range on New Guinea’s
southeastern Papuan Peninsula. We also find two distinct lineages in the Central
Cordillera, each containing samples from Mount Gahavisuka in the Eastern Highlands;
and from Mount Wilhelm, Kaironk, and Simbai in the Madang portion of the Central
Cordillera. One lineage, sister to all other Fold Belt samples, shows extensive admixture
from all other Fold Belt populations. The criteria for the coexistence of genetically
distinct relatives is usually considered from the perspective of the competition exclusion
principle or reproductive isolation; however, all P. stanleyanus are nearly ecologically
and morphologically identical. Several studies have demonstrated the coexistence of
genetically distinct but morphologically similar relatives (Weber and Strauss 2016). Still,
more genomic sampling is needed on this system to determine if these sympatric
lineages are approaching reproductive isolation.
4.4.3 High-elevation colonization events predate Pleistocene glacial cycling
Pleistocene glacial cycling is thought to provide depressions in low-elevation
habitat boundaries for tropical montane species (Rahbek, Borregaard, Colwell, et al.
2019). However, nearly all estimated divergence dates (~3-11 Mya) between P.
stanleyanus lineages separated by geographic barriers (low-elevation valleys and
dense forests) predate recent glacial cycling (Slavenko et al. 2020). Further, the
divergence between Huon Peninsula samples and mainland New Guinea predate
estimated orogeny of The Huon Peninsula, which emerged less than 5 Mya in response
to the accretion of the Finisterre volcanic arc with mainland New Guinea (Davies 2012)
and was only subaerially connected with mainland New Guinea until the late Pliocene
(Rahbek, Borregaard, Colwell, et al. 2019). Huon Peninsula P. stanleyanus diverged
from its closest relative ~7.3 Mya (Rahbek, Borregaard, Colwell, et al. 2019). This split
between Huon Peninsula individuals and mainland samples predates both the Huon
Peninsula geologic origins and the Pleistocene glacial cycling. We expected that
improved sampling from the nearby Central Highlands would bridge the genetic gap
between the Huon Peninsula and mainland New Guinea. However, their closest
relatives are still from the Baiyer Gorge in the Western Highland portion of the Central
Cordillera. The absence of high-elevation New Guinea frogs also suggests that the
Huon Peninsula has largely been isolated from nearby Central Highland source
populations (Zweifel 1980). From the perspective of hypothesis testing, dispersal
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explanations are problematic because dispersal can explain essentially any distribution
(Donoghue 2011). Overall, our results do not support the colonization of the Huon
Peninsula from nearby source populations during recent glacial cycling.
4.4.4 Low-elevation Papuascincus
High-elevation Papuascincus stanleyanus likely recolonized the lowlands. We
provide the first evidence of a low-elevation (70m) P. sp. nov. (CCA 05980/LSUMZ
95112), phylogenetically nested within other P. stanleyanus. There are no prior
observations of Papuascincus below 1000 meters (Allison 1982; Allison and Greer
1986) and this specimen is morphologically quite distinct from P. stanleyanus
suggesting a recolonization of the lowlands and subsequent morphological change.
Our results suggest that additional low-elevation Papuascincus sp. populations may
remain unsampled. Genetic structuring from an unsampled population, or “ghost”
population, is typically modeled as a mixture of all sampled populations with the largest
contribution from the most closely related population (Lawson et al. 2018). In all but two
of our assigned populations from our historical admixture analysis, we find repeated
patterns of genetic clines represented as a combination of all other sampled populations
(Figs. 4.3-4.4). We posit that this “ghost” population is unsampled low-elevation
Papuascincus taxa. Indeed, when K=6, we find that our lowland sample (gold; Fig 4.4)
contributes the majority of admixture to our Huon Peninsula samples. The reproductive
mode of P. stanleyanus is worth mentioning. While related montane high-elevation
lizards (Lobulia and Prasinohaema) are ovoviviparous (retention of eggs until they hatch
with some nutrient exchange between the mother and developing egg), P. stanleyanus
lay a fixed clutch size of 2 eggs (Allison and Greer 1986). This is unusual for montane
lizards (Meiri et al. 2012) because cold, high-elevation habitats create thermoregulatory
limits for egg development (Allison 1982).
4.4.5 Conclusions
Disjunct species distributions are used by biogeographers to search for common
patterns and underlying mechanisms that promote biodiversity. Montane habitats are a
unique example of disjunct species distribution because the rapid formation of steep
eco graphic gradients is predicted to promote species diversity. Many studies seek to
link the timing of montane diversifications with mountain building (Rahbek, Borregaard,
Colwell, et al. 2019). Here, we used a species of high-elevation lizards endemic to the
montane regions of New Guinea – Papuascinus stanleyanus – to explore if the disjunct
distribution of P. stanleyanus is best explained by Pleistocene glacial cycling. Using
next-generation sequencing of ultraconserved elements, population phylogenomics and
genomics, and biogeographical reconstructions, we identified substantial genetic
structuring among 4-6 P. stanleyanus populations highlighting the cryptic genetic
diversity in this species. Surprisingly, our analyses suggest that these genetically
distinct lineages diverged before glacial cycling and more closely align with highland
regions' orogeny. We also find evidence for genetic contribution from an unsampled
“ghost” population in 4 out of 6 of our populations. Lastly, we are the first to report a lowelevation Papuascincus species nested within our high-elevation samples. Taken
together, we posit that Papuascincus stanleyanus can colonize the lowlands and recolonize high elevation regions when conditions are stable enough. Repeated
introgression from another high-elevation population would produce a similar pattern,
but would be represented as a geographic cline with contributions from a single
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population. Hybrid introgression is unlikely given our strong genomic and geographic
sampling of high-elevation P. stanleyanus. However, there are still sampling gaps in this
study that we hope to cover to further rule out this possibility. These lizards' dispersal
ability makes it uncertain how far back in history can extend results from contemporary
phylogeographic patterns and genetic structuring. Future work is needed on these
understudied lizards' ecology, especially given the cryptic diversity highlighted in this
study.
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CHAPTER 5: CONCLUSIONS
Exploring the mechanisms that create and maintain the vast biodiversity has long
been a major goal of evolutionary biology. We can explore how genomic variation,
biogeography, and phenotypic diversity contribute to species diversity (Lewontin 1974;
Hughes 2007). New Guinea lizards offer a good system to explore biogeography
patterns, genomic diversity, and phenotypic diversity. My dissertation's broad goal was
to understand the evolutionary processes involved in driving morphological, genomic,
ecological, and geographic diversity of this speciose (50+ species) group. Studying
these topics in a single group presents an excellent opportunity to explore phenotypic
evolution's origins and diversity. In this dissertation, I uncovered the complex history of
a novel trait (Chapter 2), identified protein-coding sequences that underlie green blood
in lizards (Chapter 3), and explore the mechanisms that drive genetic diversity in highelevation lizards. Combining phylogenetics, biogeography, ecology, and genomics in a
single group provided a rewarding opportunity to understand the mechanisms that drive
phenotypic evolution.
The focal taxa of my dissertation are green-blooded skinks from the island of
New Guinea. The five described species of lizards with green blood are united under
the same genus (Prasinohaema) based solely on blood coloration despite being
ecologically and morphologically divergent. The green coloration is caused by the
buildup of the bile pigment biliverdin in the bloodstream. However, green blood is a risky
trait to have as bile pigments are toxic, and in humans, this causes green jaundice often
seen in newborns and people with malfunctioning livers. In other vertebrates, bile
pigments like biliverdin are rapidly removed from the body and are generally
undetectable in the blood. However, these lizards keep it at extremely high
concentrations in their bodies and have somehow evolved a resistance to biliverdin
accumulation. This unusual trait offers a promising system opportunity to understand
better how extreme physiological novelties evolve, the genomic underpinnings, and
such novelties' ramifications. Understanding how these lizards avoid jaundice and other
pathologies while maintaining high bile pigment levels represents an intriguing question
from physiological and evolutionary perspectives and may ultimately provide new insight
relevant to better understanding (and even treating) related human disease. This
dissertation provided key foundational work for expanded work on this system in the
future. The wealth of genomic data I generated will be valuable to a broad range of the
scientific community.
To accurately trace the evolutionary history of unique or unusual traits, we first
need a well-supported phylogeny. Thus, a major component of my dissertation was to
estimate the species relationships among green-blooded lizards and their red-blooded
relatives. To accomplish this, I inferred a species-level phylogeny for more than 50
species of Australasian tropical lizards using thousands of ultraconserved elements
(Chapter 2). We used so many loci because previous studies that included just a few
New Guinea species resulted in short internal branches with low support. My goal was
to improve resolution by sampling loci across the genome. This was done using a
targeted sequence capture approach in combination with next-generation sequencing. I
used this to lay down the evolutionary framework for several projects. Surprisingly, I
found robust support for the non-monophyly of green-blooded lizards, revealing a
complex and dynamic evolutionary history of an unusual trait. Using gene-tree-species43

tree concordance methods, maximum likelihood ancestral state reconstruction, and
Bayesian inference of character traits, I found support for four independent origins of
green blood with no losses. The exciting future challenges of this non-model system are
to address the potential convergent and parallel evolution of green blood in these
lizards.
In Chapter 3 of my dissertation, I explored the genomic underpinnings of a single
putative green blood origin. I sequenced the transcriptomes of two green-blooded
species: Prasinohaema flavipes and P. prehensicauda and two closely-related redblooded relatives: Sphenomorphus jobiensis and Lobulia elegans. This project aimed to
leverage all the expressed genes in two tissue types (liver and muscle+bone) to identify
changes in protein-coding genes that may be involved in the evolution of green blood.
We found a suite of differentially expressed genes and/or evolving under positive
selection in green-blooded lizards. Generating functional genomic resources for these
lizards was an exciting outcome of this project because research on skinks (and
squamates in general) suffers from a shortage of genomic resources. The most closely
related genome for skinks is Anolis carolinensis, which shared a common ancestor with
skinks 180mya. Understanding the underlying genomic and proteomic changes that
have allowed these lizards to remain jaundice-free may translate to non-traditional
approaches to specific health problems.
Disjunct species distributions are used by biogeographers to search for common
patterns and underlying mechanisms that explain the distribution of life. Montane
habitats are a unique example of species distribution because the rapid formation of
steep eco graphic gradients is predicted to promote species diversity. Many studies
seek to link the timing of montane diversifications with mountain building (Rahbek,
Borregaard, Colwell, et al. 2019). In Chapter 4, I used a species of high-elevation lizards
endemic to the montane regions of New Guinea – Papuascinus stanleyanus – to
explore biogeographic hypotheses about the disjunct distribution of these lizards. Using
population phylogenomics and genomics and biogeographical reconstructions, I
identified substantial genetic structuring among 4-6 P. stanleyanus populations
highlighting the cryptic genetic diversity in this species. Surprisingly, my analyses
suggest that these genetically distinct lineages diverged before the formation and
connectivity of isolated high-elevation regions. Our data suggests that Papuascincus
stanleyanus were able to colonize neighboring highlands prior to periods of glacial
cycling. Lastly, we are the first to report a low-elevation Papuascincus species nested
within our high-elevation samples, which suggests that high-elevation Papuascincus
species can recolonize lowland habitat.
Overall, this dissertation leveraged recent next-generation sequencing methods
to generate a wealth of comparative genomic data for a clade of non-model organisms.
Scincid lizards exhibit striking diversity in almost every aspect of their form, including
morphology, ecology, behavior, and physiology; they can provide a unique insight into
vertebrate adaptations (Laurie J. Vitt et al. 2003). Like other non-model organisms,
scincid lizards have generally been neglected due to the lack of genomic resources.
The cost and computational efforts required for whole-genome sequencing make it
infeasible for small comparative projects. Here, I demonstrated the efficacy of
transcriptome sequencing and hybrid sequence capture for generating a wealth of
comparative data in an understudied group without a closely-related reference genome.
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My dissertation is the first study to examine green blood using genomic datasets and
represents an important first step to understanding novel physiology.
Future studies would include genomic sampling for other green-blooded taxa and
leverage a whole-genome assembly to improve genomic sampling and annotation.
Examining orthologous loci in other green-blooded species would allow us to test the
role of convergent evolution on protein-coding genes and regulatory regions in lizards
with green blood. Further, the contributions of convergent versus adaptive evolution on
the molecular mechanisms underlying green blood remain unknown. Whole-genome
resequencing could be used to investigate the degree of evolutionary convergence in
newly identified candidate genes (from Chapter 3), their associated regulatory regions,
and in genomic regions expected a priori to contribute to green blood in lizards.
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APPENDIX: SUPPLEMENTARY MATERIAL FOR CHAPTER 2

Fig. A.1. Maximum likelihood tree for ONE-i100. Maximum likelihood tree was estimated
from the 100 most parsimonious informative loci from the “ONE” dataset by performing
unpartitioned concatenated analysis in RAxML with 20 searches for the best tree and
the GTR GAMMA model of nucleotide substitution. Black circles indicate internal nodes
with 100% bootstrap support. Internal nodes with bootstrap values less than 100 are
shown in white circles.
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Fig. A.2. Species tree for ONE-i100. A species tree was inferred from the 100 most
parsimonious informative loci from the ONE dataset using a summary coalescent
approach. Individual gene trees were estimated in RAxML. Next, 100 multilocus
bootstraps were generated by sampling loci with replacement and performing
nonparametric bootstrapping by sites of each locus. The resampled datasets were used
to infer species tree in ASTRAL-II. Black circles indicate internal nodes with 100%
bootstrap support. Internal nodes with bootstrap values less than 100 are shown in
white circles.
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Fig. A.3. Maximum likelihood tree for ONE-p70. Maximum likelihood tree was
estimated from a 70% complete sequence matrix from the “ONE” dataset by performing
unpartitioned concatenated analysis in RAxML with 20 searches for the best tree and
the GTR GAMMA model of nucleotide substitution. Black circles indicate internal nodes
with 100% bootstrap support.
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Fig. A.4. Species tree for ONE-p70. A species tree was inferred from a 70%
complete sequence matrix from the ONE dataset using a summary coalescent approach.
Individual gene trees were estimated in RAxML. Next, 100 multilocus bootstraps were
generated by sampling loci with replacement and performing nonparametric
bootstrapping by sites of each locus. The resampled datasets were used to infer species
tree in ASTRAL-II. Black circles indicate internal nodes with 100% bootstrap support.
Internal nodes with bootstrap values less than 100 are shown in white circles.
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Fig. A.5. Maximum likelihood tree for TWO-i100. Maximum likelihood tree was
estimated from the 100 most parsimonious informative loci from the “TWO” dataset by
performing unpartitioned concatenated analysis in RAxML with 20 searches for the best
tree and the GTR GAMMA model of nucleotide substitution. Black circles indicate internal
nodes with 100% bootstrap support. Internal nodes with bootstrap values less than 100
are shown in white circles.
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Fig. A.6. Species tree for TWO-i100. A species tree was inferred from 100 most
parsimonious informative loci from the ONE dataset using a summary coalescent
approach. Individual gene trees were estimated in RAxML. Next, 100 multilocus
bootstraps were generated by sampling loci with replacement and performing
nonparametric bootstrapping by sites of each locus. The resampled datasets were used
to infer species tree in ASTRAL-II. Black circles indicate internal nodes with 100%
bootstrap support. Internal nodes with bootstrap values less than 100 are shown in white
circles.
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Fig. A.7. Species tree for TWO-p70 dataset. Unpartitioned concatenated analyses and
summary coalescent approaches show highly concordant relationships. Maximum
likelihood trees were estimated in RAxML with 20 searches for the best tree and the
GTR GAMMA model of nucleotide substitution. For the summary coalescent approach,
individual gene trees were first estimated in RAxML. Next, 100 multilocus bootstraps
were generated by sampling loci with replacement and performing nonparametric
bootstrapping by sites of each locus. The resampled datasets were used to infer
species tree in ASTRAL-II. Black circles indicate internal nodes with 100% bootstrap
support for both analyses and internal nodes with bootstrap values less than 100 are
shown in white circles (support for species tree on the left and concatenated RAxML on
the right).
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Species

Voucher
Number

Field
Number

Country

No. cleaned
reads

No. of UCE
contigs

Emoia

obscura

LSUMZ 98711

CCA 17259

Papua New Guinea

4,598,611

2,584

400

Eugongylus

albofasciolatus

LSUMZ 93632

CCA 02575

Papua New Guinea

13,625,188

4,176

1,045

Eugongylus

rufescens

LSUMZ 94256

CCA 04766

Papua New Guinea

22,471,656

3,909

1,125

Eugongylus

rufescens

LSUMZ 98638

CCA 17074

Papua New Guinea

12,656,885

4,072

1,122

Fojia

bumui

LSUMZ 98355

CCA 15812

Papua New Guinea

5,334,894

3,475

464

Fojia

bumui

LSUMZ 98364

CCA 15922

Papua New Guinea

5,848,684

3,733

592

Insulasaurus

arborens

KU

RMB 306

Philippines

2,895,278

1,753

647

Insulasaurus

arborens

TNHC 62465

RMB 3306

Philippines

9,819,743

3,583

1,042

Lipinia

albodorsale

LSUMZ 92018

CCA 03500

Papua New Guinea

2,893,570

2,192

357

Lipinia

inexpectata

ZRC

ID 7190

Malaysia

4,148,732

1,898

316

Lipinia

infralineolata

TNHC 59519

JAM 2291

Indonesia

8,111,621

4,011

628

Lipinia

leptosoma

CAS 248067

FS 230287

Palau (Republic of)

2,919,004

3,529

571

Lipinia

leptosoma

SAMA R47992

CCA 01349

Palau (Republic of)

2,523,009

2,757

389

Lipinia

longiceps

LSUMZ 98389

CCA 15866

Papua New Guinea

3,599,113

3,208

428

Lipinia

longiceps

THNM 51284

CCA 00452

Papua New Guinea

33,643,353

2,949

1,013

Lipinia

longiceps

THNM 51285

CCA 00483

Papua New Guinea

381,344

935

286

Lipinia

noctua

CAS 248878

FS 230869

Palau (Republic of)

1,617,582

554

318

Lipinia

noctua

LSUMZ 93980

CCA 01554

Papua New Guinea

3,024,403

1,682

377

Lipinia

noctua

LSUMZ 94094

CCA 01618

Papua New Guinea

4,377,671

2,769

500

Lipinia

noctua

LSUMZ 94103

CCA 02074

Papua New Guinea

12,354,224

3,940

914

Lipinia

noctua

LSUMZ 94105

CCA 02111

Papua New Guinea

4,418,386

3,043

472

Lipinia

noctua

LSUMZ 94433

CCA 04648

Papua New Guinea

4,071,929

3,249

430

Lipinia

noctua

LSUMZ 94435

CCA 05566

Papua New Guinea

1,253,271

285

285

Lipinia

noctua

LSUMZ 96954

CCA 16818

Papua New Guinea

2,403,783

463

297

Lipinia

noctua

LSUMZ 96955

CCA 16819

Papua New Guinea

9,989,037

3,906

617

Lipinia

pulchella

TNHC 55036

JAM 735

Philippines

50,434,940

4,095

1,178

Lipinia

pulchella

TNHC 56378

RMB 1078

Philippines

7,272,864

3,312

438

Lipinia

pulchella

TNHC 56379

RMB 1079

Philippines

2,199,007

823

312

Lipinia

pulchra

LSUMZ 92277

CCA 03201

Papua New Guinea

5,873,260

2,675

414

Lipinia

pulchra

LSUMZ 92283

CCA 03518

Papua New Guinea

9,835,002

3,976

996

Lipinia

pulchra

LSUMZ 94102

CCA 02526

Papua New Guinea

2,780,663

1,041

327

Lipinia

quadrivittata

SAMA R48633

CCA 01269

Philippines

3,152,114

2,497

474

Lipinia

rouxi

THNM 51429

CCA 00692

Papua New Guinea

20,340,489

3,934

1,196
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Average
UCE
length (bp)

Genus

Table A.1. Sampling information and data processing results. All institution codes follow
Sabaj M.H. 2016. Standard symbolic codes for institutional resource collections in
herpetology and ichthyology: an Online Reference. Version 6.5 (16 August 2016).
Electronically accessible at http://www.asih.org/, American Society of Ichthyologists and
Herpetologists, Washington, DC.

Field
Number

Country

No. cleaned
reads

No. of UCE
contigs

3,399,524

3,545

903

THNM 51437

CCA 00715

Papua New Guinea

6,385,611

1,639

503

SAMA R57046

JCUNQ 2404

Papua New Guinea

4,482,059

3,482

491

CAS 229605

JBS 19651

Myanmar

6,546,005

3,323

477

vittigera

CAS 243723

MHS 28158

Myanmar

6,931,390

2,574

362

Lipinia

vittigera

DSM 1404L

KU 328481

Indonesia

2,044,101

762

313

Lipinia

vittigera

FMNH 261861

HKV 64673

Cambodia

3,686,400

804

304

Lipinia

vittigera

ZRC 2.4677

-

Bhutan

5,865,272

1,201

326

Lobulia

alpina

SAM 12594

-

Papua New Guinea

9,305,563

3,840

1,064

Lobulia

brongersmai

LSUMZ 92260

CCA 03073

Papua New Guinea

7,052,356

3,261

702

Lobulia

brongersmai

LSUMZ 92264

CCA 03482

Papua New Guinea

5,492,468

3,831

485

Lobulia

brongersmai

PNGNMAG

CCA 01784

Papua New Guinea

2,642,618

3,299

458

Lobulia

elegans

LSUMZ 93986

CCA 01639

Papua New Guinea

5,601,454

2,422

372

Lobulia

elegans

LSUMZ 98702

CCA 17485

Papua New Guinea

3,974,026

2,691

380

Lobulia

elegans

PNGNMAG

CCA 01789

Papua New Guinea

4,202,842

2,279

441

Lygosoma

sp.

KU

ACD 7390

Philippines

16,199,602

3,876

1,200

Lygosoma

sp.

KU

ACD 7391

Philippines

9,824,952

4,013

1,111

Lygosoma

sp.

KU

ACD 7392

Philippines

18,782,309

4,038

1,258

Papuascincus

sp. nov.

LSUMZ 95112

CCA 05980

Papua New Guinea

7,104,282

3,654

882

Papuascincus

stanleyanus

LSUMZ 93741

CCA 01636

Papua New Guinea

2,113,773

3,313

453

Papuascincus

stanleyanus

LSUMZ 93746

CCA 02482

Papua New Guinea

3,103,738

3,783

504

Papuascincus

stanleyanus

LSUMZ 93747

CCA 02483

Papua New Guinea

3,369,715

2,225

348

Papuascincus

stanleyanus

LSUMZ 93749

CCA 02485

Papua New Guinea

17,335,489

3,301

435

Papuascincus

stanleyanus

LSUMZ 93754

CCA 02542

Papua New Guinea

3,226,482

2,370

413

Papuascincus

stanleyanus

LSUMZ 98684

CCA 17235

Papua New Guinea

3,416,612

1,162

330

Papuascincus

stanleyanus

LSUMZ 98685

CCA 17489

Papua New Guinea

2,817,250

2,082

329

Papuascincus

stanleyanus

PNGNMAG

CCA 01787

Papua New Guinea

5,080,825

3,191

441

Papuascincus

stanleyanus

THNM 51351

CCA 00795

Papua New Guinea

5,338,734

3,703

634

Papuascincus

stanleyanus

THNM 51352

CCA 00799

Papua New Guinea

3,428,954

3,099

440

Prasinohaema

flavipes

LSUMZ 93719

CCA 01658

Papua New Guinea

2,752,292

2,699

374

Prasinohaema

flavipes

LSUMZ 98629

CCA 17083

Papua New Guinea

3,477,740

3,364

512

Prasinohaema

flavipes

LSUMZ 98637

CCA 17482

Papua New Guinea

3,096,405

1,049

326

Prasinohaema

prehensicauda

LSUMZ 93691

CCA 01684

Papua New Guinea

6,310,448

2,574

473

Prasinohaema

prehensicauda

LSUMZ 98647

CCA 17143

Papua New Guinea

6,017,648

3,475

936

Prasinohaema

prehensicauda

LSUMZ 98658

CCA 17222

Papua New Guinea

10,312,650

3,849

1,057

Prasinohaema

prehensicauda

LSUMZ 98660

CCA 17245

Papua New Guinea

4,712,608

3,394

542

Prasinohaema

prehensicauda

LSUMZ 98937

CCA 17244

Papua New Guinea

6,294,482

3,693

573

rouxi

Lipinia

rouxi

Lipinia

sp.

Lipinia

vittigera

Lipinia
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Average
UCE
length (bp)

Voucher
Number

Papua New Guinea

Species

CCA 00708

Genus

THNM 51432

Lipinia

No. cleaned
reads

No. of UCE
contigs

4,081,238

2,908

383

Papua New Guinea

14,896,847

2,315

732

CCA 00899

Papua New Guinea

8,030,456

1,118

637

THNM 51533

CCA 00900

Papua New Guinea

57,525,450

4,031

1,317

sp. nov.

LSUMZ 87781

CCA 01623

Papua New Guinea

4,374,208

2,813

383

Prasinohaema

sp. nov.

SAMA

U15

Papua New Guinea

5,283,969

2,315

355

Prasinohaema

sp. nov.

SAMA

W25

Papua New Guinea

8,126,474

2,380

316

Prasinohaema

sp. nov.

THNM 53464

CCA 01005

Papua New Guinea

19,888,897

3,889

900

Prasinohaema

virens

LSUMZ 92258

CCA 03105

Papua New Guinea

2,412,663

576

306

Prasinohaema

virens

LSUMZ 93644

CCA 02265

Papua New Guinea

5,711,291

486

291

Prasinohaema

virens

LSUMZ 93647

CCA 02347

Papua New Guinea

5,757,549

2,703

395

Prasinohaema

virens

LSUMZ 93654

CCA 02503

Papua New Guinea

2,914,553

281

283

Prasinohaema

virens

LSUMZ 93656

CCA 02661

Papua New Guinea

3,504,326

3,655

504

Prasinohaema

virens

LSUMZ 94105

CCA 02234

Papua New Guinea

2,835,274

2,330

445

Prasinohaema

virens

LSUMZ 94487

CCA 15387

Papua New Guinea

6,272,070

2,987

583

Prasinohaema

virens

LSUMZ 97808

CCA 15615

Papua New Guinea

615,711

96

286

Prasinohaema

virens

THNM 51507

CCA 00859

Papua New Guinea

3,040,181

3,119

498

prehensicauda

PNGNMAG

CCA 01788

Prasinohaema

semoni

LSUMZ 94437

CCA 04475

Prasinohaema

semoni

THNM 51281

CCA 00481

Prasinohaema

semoni

THNM 51532

Prasinohaema

semoni

Prasinohaema

Average
UCE
length (bp)

Country
Papua New Guinea

Field
Number

706

Voucher
Number

3,213

Species

11,856,117

Genus

Papua New Guinea

Prasinohaema

Prasinohaema

virens

THNM 51508

CCA 00860

Papua New Guinea

3,477,862

2,643

447

Scincella

lateralis

LSUMZ 99203

CCA 17499

USA

2,712,540

934

325

Scincella

lateralis

LSUMZ 99209

CCA 21483

USA

302,468

2,049

363

Scincella

lateralis

LSUMZ 99210

CCA 21484

USA

404,182

672

293

Scincella

potanini

CAS 214905

JBS 16021

China

13,161,225

3,721

1,094

Scincella

potanini

CAS 242132

GLGS 3384

China

4,601,790

3,835

551

Scincella

punctatolineata

CAS 221870

JBS 8047

Myanmar

15,121,680

3,912

1,201

Scincella

punctatolineata

CAS 234733

JBS 24553

Myanmar

2,070,513

3,309

436

Scincella

reevesi

CAS 214133

JBS 4241

Myanmar

3,884,971

3,886

516

Scincella

reevesi

CAS 216298

JBS 7105

Myanmar

3,098,088

483

301

Scincella

rufocaudata

FMNH 263355

HKV 33072

Cambodia

1,874,839

3,255

435

Scincella

rufocaudata

FMNH 263356

HKV 33088

Cambodia

3,058,103

3,559

608

Scincella

sikkimensis

CAS177478

RM 8379

China

2,266,337

970

298

Scincella

victoriana

CAS 220628

JBS 8014

Myanmar

7,883,350

3,763

580

Scincella

victoriana

CAS 240154

JBS 21858

Myanmar

2,559,214

712

310

Sphenomorphus

concinnatus

LSUMZ 93701

CCA 02720

Papua New Guinea

27,040,215

3,882

1,218

Sphenomorphus

darlingtoni

LSUMZ 93394

CCA 02541

Papua New Guinea

2,707,732

3,423

466

Sphenomorphus

forbesi

LSUMZ 93407

CCA 04800

Papua New Guinea

1,852,569

496

302

Sphenomorphus

granulatus

LSUMZ 97803

CCA 15482

Papua New Guinea

2,288,882

548

299

55

No. cleaned
reads

No. of UCE
contigs

12,081,209

4,125

1,155

Papua New Guinea

119,426,985

4,241

1,396

CCA 05888

Papua New Guinea

9,409,597

3,535

1,041

LSUMZ 94671

CCA 05422

Papua New Guinea

14,877,687

3,855

1,222

pratti

LSUMZ 91881

CCA 03288

Papua New Guinea

4,081,719

3,052

415

Sphenomorphus

simus

LSUMZ 94619

CCA 05749

Papua New Guinea

670,003

123

282

Sphenomorphus

solomonis

LSUMZ 93431

CCA 02659

Papua New Guinea

4,409,768

2,605

389

Sphenomorphus

sp.

LSUMZ 94140

CCA 02640

Papua New Guinea

60,343,429

4,097

1,085

Tropidophorus

berdmorei

CAS 204900

JBS 1150

Myanmar

2,881,225

306

289

Tropidophorus

cocincinensis

FMNH 258754

HKV 63793

Laos

3,102,574

1,717

364

Tropidophorus

robinsoni

CAS 228558

JBS 15922

Myanmar

3,319,029

3,453

495

jobiense

LSUMZ 98764

CCA 17224

Sphenomorphus

jobiense

LSUMZ 98765

CCA 17225

Sphenomorphus

leptofasciatus

LSUMZ 98749

CCA 17101

Sphenomorphus

mulleri

LSUMZ 94461

Sphenomorphus

nigrolineatus

Sphenomorphus
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Average
UCE
length (bp)

Country
Papua New Guinea

Field
Number

1,078

Voucher
Number

3,858

Species

7,337,254

Genus

Papua New Guinea

Sphenomorphus

Table A.2. SH test results from the Shimodaira-Hasegawa tests for monophyly of
Prasinohaema. Tests were performed on the ONE and TWO concatenated datasets
in RAxML. For each test, the best maximum likelihood estimate tree was compared to
the best tree with a constrained topology using 20 searches for the best tree. All trees
that constrained Prasinohaema to be monophyletic were significantly worse than any
unconstrained topology at the 5%, 2% and 1% intervals.
Dataset

Likelihood

D(LH)

SD

ONE-i100

-134389.1779

-308.503314

37.899959

Yes (5%)

Yes (2%)

Yes (1%)

ONE-i250

-362505.45

-850.733672

64.164921

Yes (5%)

Yes (2%)

Yes (1%)

ONE-i500

-723520.0991

-1815.53703

94.103811

Yes (5%)

Yes (2%)

Yes (1%)

ONE-i750

-1053469.387

-2784.121336

116.614108

Yes (5%)

Yes (2%)

Yes (1%)

ONE-p50

-5360055.024

-13932.18534

266.395891

Yes (5%)

Yes (2%)

Yes (1%)

ONE-p60

-5096029.524

-13589.69216

262.925118

Yes (5%)

Yes (2%)

Yes (1%)

ONE-p70

-4222920.33

-11575.99492

243.195332

Yes (5%)

Yes (2%)

Yes (1%)

ONE-p80

-2591828.913

-7171.189922

193.180006

Yes (5%)

Yes (2%)

Yes (1%)

TWO-i100

-171079.8313

-524.351471

52.490455

Yes (5%)

Yes (2%)

Yes (1%)

TWO-i250

-383988.2156

-1240.633917

78.837606

Yes (5%)

Yes (2%)

Yes (1%)

TWO-i500

-751806.035

-2463.986577

110.538604

Yes (5%)

Yes (2%)

Yes (1%)

TWO-i750

-1090463.88

-3638.180898

135.366651

Yes (5%)

Yes (2%)

Yes (1%)

TWO-p50

-5295336.998

-16563.54494

292.057112

Yes (5%)

Yes (2%)

Yes (1%)

TWO-p60

-4960403.411

-15755.90509

284.709641

Yes (5%)

Yes (2%)

Yes (1%)

TWO-p70

-3921918.587

-12684.61291

254.915164

Yes (5%)

Yes (2%)

Yes (1%)

TWO-p80

-1795286.542

-5786.942382

173.071221

Yes (5%)

Yes (2%)

Yes (1%)

57

Significantly Worse

Table A.3. Partial and full monophyly of Prasinohaema. To test for partial monophyly of
Prasinohaema, we iterated over all individually estimated gene trees for each dataset
listed using the is.monophyletic function in the R package ape. Numbers represent
decimal percent of gene trees that support monophyly of 18 aberrant relationships
within Prasinohaema. Fewer than 30 trees (<0.1%) supported full Prasinohaema
monophyly, which were visually confirmed to be the result of large multifurcations or the
exclusion of red-blooded taxa. Lower-case letters represent five Prasinohaema species:
P. flavipes (p), P. sp. nov. (n), P. prehensicauda (p), P. semoni (s), P. virens (v).
Dataset

f+v

p+v

p+n

ONE-i100
0
0
0
ONE-i250 1.2 1.6
0
ONE-i500
1
0.6 0.2
ONE-i750 0.8 0.7 0.1
ONE-p50 0.9 1.2 0.6
ONE-p60 0.9 1.1 0.7
ONE-p70 0.7 1.1 0.6
ONE-p80 0.7 0.9 0.8
TWO-i100
0
1
1
TWO-i250
0
0.4 0.4
TWO-i500 0.2 0.4 0.6
TWO-i750 0.3 0.7 0.5
TWO-p50 0.6 0.7 0.6
TWO-p60 0.5 0.7 0.6
TWO-p70 0.6 0.7 0.7
TWO-p80 0.4 0.5 0.6
Table Continued.
Dataset
f+v+n s+n f+s
ONE-i100
ONE-i250
ONE-i500
ONE-i750
ONE-p50
ONE-p60
ONE-p70
ONE-p80
TWO-i100
TWO-i250
TWO-i500
TWO-i750
TWO-p50
TWO-p60
TWO-p70
TWO-p80

2
0.8
1.4
1.2
1
1.1
1.3
1.2
1
0.8
0.4
0.3
0.3
0.3
0.3
0.5

1
0.8
0.8
0.9
1.5
1.5
1.9
1.9
3
2
1.4
1.3
1.2
1.2
1.5
1.7

0
1.6
1.6
2.1
2.5
2.1
2.2
1.9
0
1.2
0.8
1.3
1.2
1.2
1.1
0.9

f+n

f+p+n

f+p+v

v+n

s+v

s+v+n

p+v+n

0
0
0.8
0.5
0.7
0.7
0.6
0.6
0
0.4
0.6
0.3
0.3
0.3
0.3
0.2

0
0
0.4
0.4
0.3
0.5
0.5
0.8
0
0.8
0.4
0.4
0.5
0.5
0.5
0.7

0
0
0.2
0
0.8
0.7
0.5
0.5
0
0.4
0.4
0.5
0.5
0.6
0.6
0.5

5
2.4
4.2
5.2
6.1
6.2
7.1
8.3
4
5.2
6.4
5.5
5.1
5.6
5.7
6.7

5
3.2
2.4
2.4
2.6
2.7
2.9
2.9
1
1.2
1.4
1.5
2.1
1.9
1.6
1.2

0
0
0.2
0.4
0.3
0.4
0.4
0.2
0
0.4
0.2
0.1
0.1
0.1
0.1
0.1

0
0
0.2
0.1
0
0
0.1
0.2
1
0.4
0.2
0.1
0.1
0.1
0.1
0.1

p+s

f+p+s

f+p+s+n

s+f+p+v

f+p+s+v+n

1
1.6
2.4
3.1
2.1
2.5
2.3
2.3
1
1.6
1.8
1.9
1.5
1.6
1.5
1.5

2
3.2
2.4
2.9
2.2
2.3
2.4
2.3
3
2.8
3.2
2.7
1.6
1.5
1.7
1.4

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0.2
0.1
0.1
0.1
0
0.1
0
0
0
0
0
0.1
0
0.1

0
0
0
0
0
0
0
0.1
0
0
0
0
0
0
0
0.1
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Table A.4. Model test results for the "ONE-p70" and "TWO-p70" datasets.
Comparison of model tests among three transition rate models (ARD, ER, and IR) on
our ONE-p70 and TWO-p70 datasets. The weighted AIC scores (AICw) were used to
determine number (out of 1000) of simulations to perform under each model for the
"MIXED" model. Results for each model also include the forward (qRG) and reverse
(qGR) rates, the likelihood score (lnL), the corrected AIC scores (AICc), and the
number of estimated parameters (k). Transition rate matrices and alignments are
described in the main text.
Alignment
Model qRG
qGR
lnL
AICc AICw Nsim k p-value
ARD
10.6 140.5 -14.4 33.0
0.255 255
2 1.00
ONE-p70
ER
12.3 12.3
-15.0 32.2
0.394 394
1 0.25
IR
11.4 0.0
-15.1 32.4
0.351 351
1 0.21
ARD
7.9
124.5 -15.6 35.3
0.176 176
2 1.00
TWO-p70
ER
10.9 10.9
-15.8 33.6
0.417 417
1 0.52
IR
10.5 0.0
-15.8 33.7
0.407 407
1 0.50
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Table A.5. Results from marginal ancestral state reconstructions and stochastic character mapping using the "ONE" and
"TWO" dataset as input. Model fitting results include the forward (qRG) and reverse (qGR) rates, standated error for the
estimated rates (SE), the Akaike information criteria score (AIC), the weighted AIC scores (wAIC), and the likelihood
scores (lnL). During stochastic character mapping, the transition rate matrix was either fixed at its maximum likelihood
estimate for all simulations (Q = fixed), or a new transistion rate matrix was sampled by bayesian mcmc for each
simulation (Q = mcmc). Results from the stochastic character include the number (average, minimum, maximum) and type
(forward, reverse) of transitions between green and red blood for New Guinea lizards estimated from 1000 stochastic
mappings. Alignments and models used are described in the main text.
Number of Transitions (Q
= Fixed)

ONEi500
ONEi750

ONE-p50

qGR

SE(qRG)

SE(qGR)

AIC

dAIC

wAIC

ln(L)

mean (min - max)

gains

reversals

mean (min - max)

gains

reversals

ONEi250

Number of Transitions (Q
= MCMC)

qRG

ONEi100

ARD

6.2

88.6

5.5

27.4

32.2

0.0

0.406

-14.1

12.146 (4 - 28)

3.1

9.1

4.057 (4 - 8)

4.0

0.1

ER

7.6

7.6

2.9

2.9

32.7

0.5

0.317

-15.3

4.581 (4 - 12)

4.2

0.4

4.144 (4 - 8)

4.0

0.2

IR

7.1

0.0

2.5

0.0

32.9

0.8

0.277

-15.5

4.03 (4 - 6)

4.0

0.0

4.015 (4 - 6)

4.0

0.0

ARD

7.2

86.1

6.3

28.5

32.4

0.0

0.355

-14.2

13.243 (4 - 33)

4.0

9.3

4.057 (4 - 8)

4.0

0.1

ER

7.2

7.2

2.8

2.8

32.5

0.1

0.341

-15.3

4.661 (4 - 10)

4.2

0.4

4.175 (4 - 8)

4.0

0.2

Model

Alignment

Parameters for Ancestral State Reconstruction

IR

6.6

0.0

2.4

0.0

32.8

0.3

0.303

-15.4

4.027 (4 - 6)

4.0

0.0

4.017 (4 - 5)

4.0

0.0

ARD

6.7

86.7

6.0

28.1

32.1

0.0

0.412

-14.1

12.482 (4 - 27)

3.6

8.9

4.052 (4 - 8)

4.0

0.1

ER

7.4

7.4

2.9

2.9

32.6

0.5

0.316

-15.3

4.724 (4 - 10)

4.3

0.5

4.197 (4 - 10)

4.0

0.2

IR

6.7

0.0

2.4

0.0

32.9

0.8

0.272

-15.5

4.036 (4 - 5)

4.0

0.0

4.017 (4 - 5)

4.0

0.0

ARD

7.2

93.8

6.4

30.3

32.1

0.0

0.434

-14.0

12.661 (4 - 30)

3.6

9.0

4.057 (4 - 9)

4.0

0.1

ER

7.9

7.9

3.1

3.1

32.8

0.7

0.306

-15.4

4.71 (4 - 10)

4.2

0.5

4.175 (4 - 9)

4.0

0.2

IR

7.2

0.0

0.0

33.1

1.0

0.260

-15.6

4.036 (4 - 6)

4.0

0.0

4.011 (4 - 5)

4.0

0.0

ARD

11.6

134.0

45.4

32.2

0.0

0.376

-14.1

12.885 (4 - 31)

4.0

8.9

4.031 (4 - 7)

4.0

0.1

ER

11.6

11.6

2.6
10.
2
4.5

4.5

32.5

0.2

0.337

-15.2

4.813 (4 - 13)

4.3

0.5

4.062 (4 - 8)

3.9

0.1

IR

10.5

0.0

3.7

0.0

32.8

0.5

0.287

-15.4

4.033 (4 - 5)

4.0

0.0

4.01 (4 - 5)

4.0

0.0

60

Number of Transitions (Q
= Fixed)

ONE-p80

TWOi100
TWOi250
TWOi500
TWOi750

137.2

ER

11.8

11.8

IR

10.6

0.0

ARD

11.9

151.8

ER

12.9

IR

11.5

ARD

reversals

11.7

gains

ARD

3.7
10.
3
4.6

mean (min - max)

0.0

reversals

10.5

gains

IR

mean (min - max)

11.6

ln(L)

11.6

wAIC

ER

10.
2
4.5

dAIC

134.7

AIC

11.6

Number of Transitions (Q
= MCMC)

SE(qGR)

ARD

SE(qRG)

qGR

ONE-p70

qRG

ONE-p60

Model

Alignment

Parameters for Ancestral State Reconstruction

45.4

32.2

0.0

0.381

-14.1

12.796 (4 - 29)

3.9

8.9

4.029 (4 - 6)

4.0

0.0

4.5

32.5

0.3

0.335

-15.2

4.683 (4 - 12)

4.2

0.5

4.092 (4 - 8)

4.0

0.1

0.0

32.8

0.6

0.285

-15.4

4.029 (4 - 6)

4.0

0.0

4.014 (4 - 5)

4.0

0.0

45.8

32.2

0.0

0.386

-14.1

12.919 (4 - 30)

4.0

9.0

4.027 (4 - 6)

4.0

0.0

4.6

32.5

0.3

0.332

-15.3

4.681 (4 - 10)

4.2

0.5

4.078 (4 - 7)

4.0

0.1

0.0

32.8

0.6

0.282

-15.4

4.039 (4 - 6)

4.0

0.0

4.009 (4 - 5)

4.0

0.0

48.7

32.1

0.0

0.428

-14.1

12.564 (4 - 29)

3.6

8.9

4.05 (4 - 7)

4.0

0.0

12.9

3.8
10.
7
5.0

5.0

32.8

0.6

0.312

-15.4

4.704 (4 - 12)

4.2

0.5

4.078 (4 - 7)

3.9

0.1

0.0

4.1

0.0

33.1

1.0

0.260

-15.6

4.032 (4 - 6)

4.0

0.0

4.008 (4 - 5)

4.0

0.0

4.0

74.0

3.3

21.2

32.2

0.0

0.519

-14.1

11.666 (4 - 27)

2.5

9.2

4.059 (4 - 7)

4.0

0.1

ER

6.1

6.1

2.3

2.3

33.6

1.4

0.257

-15.8

4.601 (4 - 12)

4.1

0.5

4.146 (4 - 8)

4.0

0.2

IR

5.6

0.0

2.0

0.0

33.8

1.7

0.224

-15.9

4.018 (4 - 6)

4.0

0.0

4.005 (4 - 5)

4.0

0.0

ARD

5.0

87.0

4.2

25.7

32.9

0.0

0.449

-14.4

11.637 (4 - 28)

2.5

9.1

4.045 (4 - 6)

4.0

0.1

ER

7.5

7.5

2.9

2.9

33.7

0.8

0.294

-15.9

4.657 (4 - 11)

4.2

0.5

4.135 (4 - 8)

4.0

0.2

IR

6.9

0.0

2.4

0.0

34.0

1.1

0.257

-16.0

4.02 (4 - 5)

4.0

0.0

4.018 (4 - 5)

4.0

0.0

ARD

5.3

86.7

4.5

26.1

33.3

0.0

0.376

-14.7

11.817 (4 - 30)

2.6

9.2

4.054 (4 - 7)

4.0

0.1

ER

7.7

7.7

3.0

3.0

33.6

0.3

0.329

-15.8

4.629 (4 - 10)

4.2

0.4

4.152 (4 - 9)

4.0

0.2

IR

7.1

0.0

2.5

0.0

33.8

0.5

0.295

-15.9

4.035 (4 - 6)

4.0

0.0

4.014 (4 - 5)

4.0

0.0

ARD

5.4

88.0

4.6

26.8

33.3

0.0

0.368

-14.6

11.547 (4 - 28)

2.6

8.9

4.032 (4 - 6)

4.0

0.1

ER

7.9

7.9

3.0

3.0

33.5

0.2

0.331

-15.7

4.606 (4 - 10)

4.2

0.5

4.146 (4 - 8)

4.0

0.2

IR

7.3

0.0

2.6

0.0

33.7

0.4

0.301

-15.8

4.024 (4 - 5)

4.0

0.0

4.014 (4 - 5)

4.0

0.0
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Number of Transitions (Q
= Fixed)

SE(qGR)

AIC

dAIC

wAIC

ln(L)

mean (min - max)

gains

reversals

mean (min - max)

gains

reversals

TWOp80

SE(qRG)

TWOp70

qGR

TWOp60

Number of Transitions (Q
= MCMC)

qRG

TWOp50

ARD

8.0

123.3

7.1

39.2

33.7

0.3

0.313

-14.9

11.161 (4 - 28)

2.8

8.3

4.029 (4 - 6)

4.0

0.0

ER

11.1

11.1

4.3

4.3

33.4

0.0

0.357

-15.7

4.518 (4 - 9)

4.1

0.4

4.091 (4 - 8)

4.0

0.1

IR

10.4

0.0

3.7

0.0

33.6

0.2

0.329

-15.8

4.024 (4 - 5)

4.0

0.0

4.01 (4 - 5)

4.0

0.0

ARD

8.0

124.1

7.0

39.3

33.7

0.2

0.317

-14.8

11.052 (4 - 24)

2.8

8.3

4.021 (4 - 6)

4.0

0.0

ER

11.2

11.2

4.3

4.3

33.5

0.0

0.355

-15.7

4.566 (4 - 9)

4.2

0.4

4.067 (4 - 8)

3.9

0.1

IR

10.4

0.0

3.7

0.0

33.6

0.2

0.327

-15.8

4.029 (4 - 6)

4.0

0.0

4.01 (4 - 5)

4.0

0.0

ARD

8.1

126.5

7.0

39.5

33.6

0.1

0.326

-14.8

11.236 (4 - 29)

2.8

8.4

4.028 (4 - 7)

4.0

0.0

ER

11.2

11.2

4.3

4.3

33.5

0.0

0.351

-15.7

4.644 (4 - 11)

4.2

0.4

4.08 (4 - 7)

4.0

0.1

IR

10.5

0.0

3.7

0.0

33.7

0.2

0.323

-15.8

4.024 (4 - 6)

4.0

0.0

4.017 (4 - 5)

4.0

0.0

ARD

8.6

147.3

7.3

44.6

33.4

0.0

0.389

-14.7

11.686 (4 - 26)

2.6

9.1

4.02 (4 - 6)

4.0

0.0

ER

12.9

12.9

5.0

5.0

33.7

0.4

0.322

-15.9

4.675 (4 - 11)

4.2

0.5

4.055 (4 - 6)

3.9

0.1

IR

11.9

0.0

4.2

0.0

33.9

0.6

0.290

-16.0

4.027 (4 - 6)

4.0

0.0

4.005 (4 - 5)

4.0

0.0

Model

Alignment

Parameters for Ancestral State Reconstruction

62

Table A.6. Results from stochastic mapping across gene trees and posterior trees.
Random samples of 1000 trees from either the set of gene trees (GT) or posterior
probability (PP) trees were taken and a single character map was simulated for each
tree. GTs were individually estimated in RAxML and PP trees were obtained in
exabayes using the concatenated dataset. As there are different topologies among
trees within a set, results cannot be reconciled onto a single topology. Mean
(minimum - maximum) number of transitions are shown.
ONE-p70
Total No. Transitions
R→G
R←G
Gene Trees
4.26 (1 - 10)
3.59 (1 - 7)
0.67 (0 - 9)
Posterior Probability Trees
4.03 (4 - 6)
4.00 (3 - 5)
0.03 (0 - 1)
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